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Physical parameters 
do Outer diameter of the coil 
di Inner diameter of the coil 
davg Averaging of the diameter of coil davg = (do + di)/2  
φ Fill factor, φ = (do - di)/(do + di) 
w Wire width 
s Spacing 
l Length 
Dia Wire diameter 
n Number of turns 
D Coupling distance 
tsub Substrate thickness 
t0 Metal thickness 
γ Lateral misalignment (max) 
W Weight 
ω Frequency (ω=2πf) 
Θ Spherical coordinate system of Θ direction 
Φ Spherical coordinate system of Φ direction 
Den Mass density 
A Area 
g Geometrical coefficient 
 
Electrical parameters 
Q Quality factor 
k Coupling coefficient 
ε Dielectric constant (F/m, farad per meter) 
εo Dielectric constant of free space (F/m, farad per m ter) 
εr Relative constant 
µ Permeability (H/m, henry per meter) 
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SUMMARY 
The objective of this research is to introduce two state-of-the-art wireless 
biomedical systems: (1) a multiband transcutaneous communication system for 
implantable microelectronic devices (IMDs) and (2) a new wireless power delivery 
system, called the “EnerCage,” for experiments involving freely-behaving animals. The 
wireless multiband link for IMDs achieves power transmission via a pair of coils 
designed for maximum coupling efficiency. The data link is able to handle large 
communication bandwidth with minimum interference from the power-carrier thanks to 
its optimized geometry. Wireless data and power links have promising prospects for use 
in biomedical devices such as biosensors, neural recording, and neural stimulation 
devices. The EnerCage system includes a stationary unit with an array of coils for 
inductive power transmission and three-dimensional m gnetic sensors for non-line-of-
sight tracking of animal subjects. It aims to energize novel biological data-acquisition and 
stimulation instruments for long-term experiments, without interruption, on freely 
behaving small animal subjects in large experimental arenas. The EnerCage system has 
been tested in one-hour in vivo experiment for wireless power and data communication, 
and the results show the feasibility of this system. 
The contributions from this research work are summarized as follows:  
1. Development of an inductive link model. 
2. Development of an accurate PSC models, with parasitic effects for implantable 
devices. 
3. Proposing the design procedure for the inductive link with optimal physical 
geometry to maximize the PTE. 
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4. Design of novel antenna and coil geometry for wireless multiband link: power 
carrier, forward data link, and back telemetry. 
5. Development of a model of overlapping PSCs, which can reate a homogenous 
magnetic in a large experimental area for wireless power transmission at a certain 
coupling distance. 
6. Design and optimization for multi-coil link, which can provide optimal load 
matching for maximum PTE. 
7. Design of the wireless power and data communication system for long-term 
animal experiments, without interruption, on freely behaving small animal 








Wireless biomedical communication efforts attempt to meet the device design 
requirements of minimizing the size, maximizing theperformance, and minimizing the 
power consumption of the system while assuring usersafety. Most of wireless devices 
require a battery [1] that increases the weight andneeds to be replaced regularly. 
Consequently, over the past few decades, researchers have focused on wireless data and 
power transmission for biomedical devices to overcome the limits of the batteries. 
However, wireless power is associated with three issue : low power efficiency, short 
transmission distance, and high electromagnetic interference. The objective of this 
research includes two categories to solve these problems: an optimized multiband (data 
and power channels) telemetry module for implantable microelectronic devices (IMDs) 
and a novel monitoring system using wireless power on a freely behaving animal in large 
experimental arenas. 
1.1 Multiband Transmission for Implantable Devices 
The multiband transmission for IMDs is necessary for clinical applications to 
reduce the patients’ risk of infection and discomfort. Therefore, the proposed IMD 
wireless link is expected to perform three functions [2], [3]: 
(1) Power transmission (inductive link): Since the long-term power consumption of 
IMDs is higher than what a battery can provide, an efficient wireless power transmission 
from outside into the human body is the most suitable solution. Even if the battery is 
placed outside the body, it needs to be small and light and have a long lifetime [1]. Hence, 
an iterative design methodology to find the geometric parameters of the planar spiral 
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coils (PSC) [5]–[8] with the maximum power transmission efficiency is proposed. In the 
real application, implantable devices need to be hermetically sealed in biocompatible 
materials and placed in a conductive environment with h gh permittivity (tissue), which 
can affect the PSC characteristics. A detailed model that includes the effects of the 
surrounding environment on the PSC parasitic components is constructed for the 
maximum power transfer efficiency (PTE). This model is combined with an iterative 
design method that starts with a set of realistic design constraints and ends with the 
optimal PSC geometries. 
(2) Forward data transmission (inductive link): The stimulation data should be 
transmitted to the IMD of the body from the external device. However, because of the 
conflicting requirements between power and data by the inductive links, a separate pair of 
coils for data transmission is used, and two types of data coils with minimum interference 
are proposed. First, a pair of vertical coils is wound across the diameter of the power 
PSCs [9], whose orthogonal magnetic field orientation can minimize the interference of 
the power carrier. Second, a pair of planar figure-eight (figure-8) coils, which is similar 
to the numerical symbol of eight (8) [10], has the el ctromotive force (EMF) induced 
from the power carrier in one loop and opposes the same in the other loop. Hence, the 
total EMF interference from the power carrier can be very small when the two coils are 
aligned. 
(3) Back telemetry (wideband antenna): Recording the neural response to the 
stimulation in neuroprostheses and closing the control feedback loop in the brain machine 
interface (BMI) require a wideband back telemetry. Therefore, the impulse-radio ultra-
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wideband (IR-UWB) [11] communication, which can provide a wide bandwidth with a 
simple and low-power transmitter, is most suitable for this purpose. 
Figure 1.1 shows the block diagram of a high-performance neuroprosthetic device 
that has wireless neural recording and stimulation capabilities with emphasis on the 
proposed multiband wireless link. The external power PSC is L1 and the internal power 
PSC is L2; the latter is implanted under the skin flap. The forward data coils are L3 and L4. 
The back telemetry utilizes the UWB antennas, A1 and A2. 
 
1.2 EnerCage 
Another topic of the research is monitoring the freely behaving animal by the 
continuously wireless power transmission for the wireless neural recording and 
stimulation systems [12] to overcome the limits of the battery power [13]–[16]. A battery 
increases the size and weight of the wireless system [17]. Moreover, users of such 
Figure 1.1:  Block diagram of the multiband wireles  link in a high-performance IMD. 
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systems always have to make a compromise between th duration of the experiment and 
how much payload the animal can carry. Hence, the proposed system, called EnerCage, 
allows neuroscientists to continuously run the neural interfaces without replacing the 
batteries. EnerCage is used to develop an in vivo electrophysiology data-acquisition 
system that transmits the recorded signals wirelessly and also receives its power 
wirelessly. Two key features of the EnerCage system are (1) inductive powering through 
a scalable array of modular PSCs that can conform to any recording arena and (2) 
accurate position/orientation tracking of an animal’s head in three-dimension (3-D) [18] 
when using an array of magnetic sensors. Geometry of the PSC array, shown in Figure 
1.2, which tiles the floor of the arena will be optimized for minimum coupling variations 
and maximum PTE at a nominal coupling distance that depends on the average size of the 
animal model [23]. A closed-loop power control (CLPC) mechanism based on radio-
frequency identification (RFID) technology will maintain the received power across the 
Rx coil constant most of the times except when the coil is rotated > 60° or the animal 
stands on its rear limbs. In these conditions, the power management circuit uses its 
internal power storage to prevent any possible interruptions. 
The system will also track the animal position in real time using an array of three-
axial magnetic sensor modules (the red dots in Figure 1.2) [20], [21]. The magnetic 
tracking algorithm [18], [19] provides valuable information, which is not only important 
from behavioral perspective but also necessary in activating the Tx coil that is in the best 
position to couple onto the Rx coil(s). Furthermore, unlike the optical tracking method, 
the magnetic 3D tracking can operate in both open and covered spaces, such as tunnels, 




Therefore, the EnerCage system can overcome the major limitations of existing 
neural-recording instrumentation that use a cable connection. The EnerCage system is 
meant to allow researchers to create natural and enrich d environments for small freely 
behaving animal subjects, and run experiments for virtually unlimited time periods 
without worrying about the potential bias from tethering effects and heavy payloads. 
The structure of the thesis is as follows: In Chapter 2, a background on wireless 
power and data combination for biomedical application s introduced. It includes the 
system review and the related coil/antenna design. In Chapter 3 [4]-[8], a model of the 
PSC for wireless power is discussed, and the model considers all of the possible parasitic 
Figure 1.2: Top view rendering of an overlapping planar hexagonal PSC array designed to 
generate a homogeneous magnetic field for wireless power transmission to one or more awake 
freely behaving small animal subject(s). 
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components, which are affected by the environment. A  iterative design methodology to 
maximize their PTE for PSCs is also concluded in Chapter 3. In Chapter 4 [3], [4], a 
multiband module design, which includes power carrier, forward link, and back telemetry 
is introduced, and the optimal data coils with minium interference from power carrier is 
also studied. The EnerCage system is presented in Chapter 5 to 7. The system 
architecture of preliminary EnerCage is presented in Chapter 5 [20]–[22]. This system 
includes magnetic sensor tracking [19] and closed-loop power regulation. Chapter 6 [23] 
describes the optimal PSC array design, this array can minimum the coupling variation. 
In other words, the homogenous magnetic can provide a stable wireless power for long-
term animal experiment. In Chapter 7, an improved EnerCage system is discussed, and 
the freely moving animal experiment is presented. Finally, the contributions of this 






2.1 Wireless Link for Implantable Devices 
Traditional IMDs have transcutaneous wires breaching skin, and this kind of 
communication could cause the risk of infection and discomfort. Hence, a wireless 
operation for power, forward link, and back telemetry transmission is necessary for three 
reasons: (1) it is safer, (2) it is more robust, (3) and it is less likely to be damaged. 
Another important requirement, which has made IMDs applicable to the treatment of a 
growing number of ailments, is its minimal invasion. Examples of such IMDs include 
cochlear implants [1], invasive BMIs [24], and retinal implants [25]–[26]. In Section 2.1, 
the modern techniques of wireless capabilities, such as those used for the IMDs, are 
introduced. 
2.1.1 Wireless Power 
Three major techniques of wireless power transmission are applied for modern 
IMDs: ultrasonic transmission, high-frequency electromagnetic wave transmission, 
inductive coupling transmission. 
2.1.1.1 Ultrasonic Transmission 
Since the human body is made up of approximately 60% water, which attenuates 
the electromagnetic wave greatly [27]–[29], wireless power transmission by ultrasound is 
studied in [30]–[31]. However, ultrasonic wireless power is only promising for low-
power consumption applications with low efficiency (39% at 10 mm) [32]–[34]. The size 
of some ultrasonic systems is still too large for implants [30] as shown in Figures 2.1a 
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and 2.1b. Although [33] provides a novel two degrees-of-freedom device shown in 
Figures 2.1c and 2.1d, the power absorption of this energy converter is only 21.4 nW. 
 
2.1.1.2 High-frequency Electromagnetic Wave Transmission 
The techniques used for wireless power transfer by means of high-frequency 
electromagnetic wave are summarized in [35]. Ultra high frequency (UHF) radio 
frequency identification (RFID) technology is one of the methods that offer a reliable link 
over large distances [36], and several companies also provide the commercial products 
for the wireless power link for UHF band [37], [38]. However, the received power by the 
high-frequency antenna is small with low power transfer efficiency (PTE) [37]–[41]. For 
example, the product of [37] only provides the power less than 5 mW.In fact, UHF 
(c)                                                                        (d) 
Figure 2.1:  (a) The ultrasonic air transducer (left: open-type, right: enclosed-type); (b) plastic 
horn for transmitter [30]; (c) the ultrasonic converter [33]; (d) the packaged ultrasonic power 
converter [33].  
(a)                                                                  (b) 
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systems outperform (high frequency) HF systems in terms of read range. For many 
applications read range might be essential, but if low costs and high reliability for low-
range reading are important, HF systems are often pr ferred. Furthermore, with the 
increase in frequency, the electric field radiated by the antenna of the IMDs increases the 
ohmic losses of the tissue [27]–[29]  and increases th  temperature, which is dangerous. 
2.1.1.3 Inductive Coupling 
The inductive power-transfer system is defined as a ystem where energy is 
transferred from a primary winding to a secondary winding by a magnetic field. In the 
early 20th century, Nikola Tesla [42] devoted much effort toward schemes to transport 
power wirelessly by Tesla coils, and the past decad has witnessed a surge in the use of 
such autonomous electronic devices [43]–[46]. Several companies also develop the 
wireless power products by inductive coupling [47]–[53] for HF band. The quick decay 
of received power of HF system is often exploited to restrict the read range to a defined 
region. For RFID applications, interrogator coil arrangements can be optimized to 
produce a uniformly distributed magnetic field which allows achieving reliable 
transponder recognition within a defined area of operation. The first developed inductive 
links for biomedical applications was introduced in the 1960s and focused on artificial 
heart systems [54]. The advantage of inductive wireless power includes the following: 
low cost and high efficiency. The drawbacks to inductive wireless power include (1) that 
the amount of power is limited to the coil geometries; (2) that the power transmission can 
only be accomplished at certain distances (less than one meter) [55]; (3) the coil design is 
based on the 2-coil coupling, which could not provide maximum wireless power transfer 
efficiency (PTE) [56]. Hence, the new design procedur  [5] for high coupling efficiency 
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with small geometry for the biomedical applications is proposed to overcome the 
drawbacks. 
2.1.2 Wireless Power Optimal Coil for Implantable Devices  
The inductive power transmission for the IMD belongs to a broader category of 
implantable devices known as neuroprostheses and has prevented the use of batteries as 
the main energy source. Instead, the battery is kept out of the patient’s body, and the 
power is delivered wirelessly across the skin through a pair of coupled coils [57]. The 
external part of the cochlear implants, for instance, should fit comfortably behind the 
user’s ears. Consequently, the efficiency of the transmission from the external battery to 
the implanted electronic load should be maximized to extend the battery lifetime. 
Another motivation for achieving high efficiency is to limit the allowable tissue exposure 
to the alternating magnetic field which can result in excessive heat dissipation [58]–[59]. 
On the other hand, the interference between the RF link and other nearby electronic 
devices and appliances is also a concern that is regulat d by the IEEE standard of the 
exposure [60]. 
2.1.2.1 Printed Spiral Coil (PSC) 
Although the distance of inductive coupling is short, the coupling efficiency could 
be decreased because of the small coil size. These ar  some of the reasons why the design 
and optimization of the efficient inductive links have been studied over the last decades 
[57], [61]–[64]. More recently, a number of publications have presented new approaches 
to the optimization problems [65]–[68]. The traditional designs of the inductive link 
[62]–[63] have been based on coils made of filament wires in the form of either a single 
or multiple individually insulated strands. The latter type, which is known as Litz wire, 
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helps in reducing skin-loss resistive effects by increasing the circumferential area of the 
wire [69]–[70], but the wire-wound coils cannot be fabricated without sophisticated 
machinery. From [14], an inductively powered neural recording system is designed for a 
short range (< 30 mm), and the coil is made by wire- ound as shown in Figure 2.2a. The 
need for small footprints in the next generation of high-performance IMDs calls for 
geometrical precision for integration of the chip or package. This demand requires 
microfabrication techniques that result in lithographically defined planar structures 
known as the printed spiral coils (PSCs). The PSCs have the ability to conform to the 
body curvature with thin flexible substrates [71] as shown in Figure 2.2b, and the 
hermetically sealed PSCs can also be fabricated on the silicon chips or the low 
temperature co-fired ceramic (LTCC) packages [72]–[74]. Hence, the PSCs are the most 
suitable coil type for IMDs [5]. 
 
Figure 2.2:  (a) Neural recording implant over a short distance [14]. (b) A 5-turn circular spiral 





2.1.2.2 Implantable Devices with Tissue and Package Model 
Traditional PSC models [5] do not include the effects of the surrounding 
environment. Considering the effects of surroundings in PSC models is imperative in the 
optimization process because the materials affect the PSC parasitic components that 
decrease transmission efficiency. Several studies us  conventional simulation tools [75]–
[76] or numerical methods [77] to emulate the surronding environment for the coil 
design, but these methods are time consuming. Consequently, physical coil models 
including the surrounding materials have developed to expedite the PSC optimization 
procedure [6]. 
2.1.3 Multiband Design for Implantable Devices 
The wireless data link for the IMDs with battery power has been in development 
for a few decades [78]–[80]. The modern wireless link for the IMDs should include not 
only the data carrier but also the power carrier. For this reason, multiband techniques 
started to appear in the late 1980s [81]. In early design [81], [82], the bandwidth of the 
data transmission was limited because the data and power transmission were on the same 
frequency. Recently, some researchers [83], [84] operate the power and data carrier in 
different frequencies, but coils are designed in coaxial type that increases the cross 
coupling interference as shown in Figure 2.3a. [85]uses the separated coils on the same 
plane as shown in Figure 2.3b to reduce the interference. But, this design uses three pairs 
of the coil for each data and power carrier, and the total size of the IMD is increased 
because of the coil area. Another way for the data transmission is to use the high-
frequency antenna [14], but the dielectric losses and wave trapping in the body tissues 




In this thesis, the data link is separated in two ways, forward and backward, with 
minimum interference. For the forward data link, two geometries of the data coil with the 
minimum interference are proposed: the vertical coi[9] and figure-8 coil [87]. On the 
other hand, for the back telemetry, the impulse-radio ultra-wideband (IR-UWB) [88] is 
used because of the wide bandwidth with a simple and low-power transmitter. 
2.2 Wireless Power for Freely Behaving Animals 
A major goal of neuroscience is to study the functional organization of the nervous 
systems, as this knowledge would aid in the prevention, diagnosis, and treatment of 
diseases of the human brain. In vivo electrophysiology has been a powerful tool in 
pursuing that goal [89], [90]. Many of these studies are made in experimental animals 
that are either anesthetized or restrained [91]. However, addressing many experimental 
questions requires freely behaving subjects to create n tural and enriched environments. 
Thus, the technology for recording of the biological d ta from biosensors or stimulation 
of the nerves from electrodes for freely behaving aim ls can accelerate the contributions 
of in vivo electrophysiology. 
(a)                                                                        (b) 




2.2.1 Wireless Power in the Animal Experiment 
For the neural interface [92]–[96], neuroscientists cannot obtain the benefits of the 
wireless data-acquisition systems when the animal subjects are tethered to 
instrumentation through the cables. The use of these cables leads to four problems: the 
imitated length, the electromagnetic noise, the motion artifacts, and the entangling 
problem. Since cables produce these problems for animal experiments, the wireless 
neural recording systems involve batteries. However, the power consumption of the 
wireless system would limit the duration of each trial before the batteries needed to be 
recharged or replaced. Consequently, several recent attempts have been made to develop 
the wireless powered systems and eliminate the power cable or battery. 
[97] proposes an array of nine coils, each 5×5 cm2, at the bottom of a cage to power 
an implanted 6×6 mm2 coil. However, this system faces large voltage variations and a 
significant change in magnetic flux at the edge of the adjacent coils. [98] demonstrates a 
simple implantable stimulator system in a chamber surrounded by three sets of coils in 3-
D geometry. The chamber is only 17×16×16 cm3 as shown in Figure 2.4a. [99] 
demonstrates the narrowband wireless system shown in Figure 2.4b for measuring blood 
pressure with a closed-loop power control. The system, however, has only a single coil 
and limits the animal’s movement to a small cage (10×10×20 cm3). A commercial 
telemetric device, called VitalView, has been develop d by Mini Mitter Inc. [100]. 
Dimension of this inductive transceiver is limited to 56×29 cm2 (Figure 2.4c), and its 
bandwidth only suits low frequency biological signals such as body temperature or heart 
rate. Thus, neither commercial tools nor those described in the literature would be 




2.2.2 Wireless Power System with Coil Array and Tracking 
The wireless power for the freely behaving animals is a challenge because the 
separation between the primary and secondary unit is h ghly variable. If only one primary 
coil is used for this application, it becomes difficult to generate a field with sufficient 
power strength. Since the inductive wireless power ar a is limited by the coil size, the 
researchers are attempting to use a coil array to extend the experimental arenas [101]–
[104]. 
For behavioral experiments on mice, rats, or a group f small social animals, such 
(c) 
Figure 2.4:  Examples of the existing inductively powered devices: (a) three sets of coils used 
around a small [98]; (b) wireless measurement of blood pressure [99]; (c) VitalView energizer by 
Mini Mitter Inc. [101]. 
(a)                                                                               (b) 
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as prairie voles, using an array of overlapping PSC, similar to the designs adopted for 
inductive chargers, seem to be advantageous [102], [105]. These 2-D PSCs can be 
lithographically defined on multilayer printed circuit boards (PCB) and geometrically 
arranged such that the peaks of the magnetic field g nerated by one coil overlap the 
troughs of the surrounding coils. This method can lead to a more uniform magnetic field 
distribution over a large experimental area. In such arrangements, instead of activating all 
the Tx coils at once, which results in a high power dissipation and elevated cage 
temperature, the position of the animal subject should be detected in real time to activate 
the coil(s) that are in the best position to couple onto the Rx coil and power up the 
attached instruments [20], [21], [105]. 
A group of researchers from New Zealand [106] proposed a 3 × 3 non-overlapping 
coil array for this application with each coil tuned at a different frequency as shown in 
Figure 2.5. While this design provided good coverag in the center of the coils, the power 
delivered to the Rx coil on the corners of each coil was ~20 times less than the center. In 
a 4-layer array of rectangular overlapping coils as shown in Figure 2.6, presented by the 
same group [107], the effects of mutual coupling or pa asitic capacitance between the 
overlapping Tx coils were not considered. Moreover, there is a need to establish methods 
for optimizing the coil geometries for such biomedical and industrial applications while 
considering the constraints in PSC fabrication process on multilayer PCB to achieve 
realistic, functional, and cost effective solutions. Hence, the proposed EnerCage system 
includes an optimized hexagonal PSC array for inductive power transmission with high 
efficiency in the large experimental arenas and magnetic sensors for accurate tracking of 






Figure 2.6:  An exploded view of a four layer arrangement of PSCs which overlaps the 
aforementioned regions such that power is available in any orientation [107]. 




3. OPTIMIZATION OF PLANAR SPIRAL COIL 
Wireless operation of implantable microelectronic devices (IMD) is necessary for 
clinical applications in order to reduce the risk of infection and patient discomfort, which 
can result from transcutaneous wires breaching the skin. A wireless implant is also safer, 
more robust, and less likely to be damaged as a result of broken interconnects. Another 
important requirement, which has made implantable devices applicable to the treatment 
of a growing number of ailments and conditions such as deafness, blindness, and 
paralysis, is being minimally invasive, which is a direct consequence of small size. 
Unlike pacemakers, high power requirements and extreme size constraints in 
aforementioned applications, which belong to a broader category of implantable devices 
known as neuroprostheses, have prevented the use of batteries as the primary source of 
energy. Instead, the battery is kept out of the patient’s body and power is delivered 
wirelessly across the skin through a pair of inductively coupled coils that constitute a 
transformer [57]. Even outside of the body, the battery needs to be small, light weight, 
and have a long lifetime due to portability, aesthetic, and economic reasons. Therefore, 
the power transmission efficiency (PTE) from the external battery to the implanted 
electronic load should be maximized to extend the battery lifetime. Another reason is the 
limited allowable tissue exposure to the AC magnetic fields, which can result in 
excessive heat dissipation if violated [58], [59]. Interference between the RF link and 
other nearby communication devices and appliances is also a concern, which is regulated 
by the federal communications commission (FCC) [60]. 
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Figure 3.1a shows a simplified diagram of the transcutaneous power transfer and 
various losses along the way as well as the circuit model of the inductive link. The 
overall power transmission efficiency, η = ηS η1 ηT η2 ηL, is often dominated by η12 = η1 
ηT η2, which is related to the coil design [24]. The important parameters of the coil 
models (Figure 3.2b) include the self inductance (L), parasitic resistance (R), and 
parasitic capacitance (C). Capacitors CS1 and C2 are also added to form a pair of resonant 
LC-tank circuits with L1 and L2, respectively, at the power carrier-frequency, fc. The 
lumped parasitic components of the coil models are influenced by geometry, material 
composition, and surrounding environment, and the inductive link optimization by the 
coil models for IMDs is studied. 
 
(b) 
Figure 3.1:  (a) Power flow diagram in a transcutaneous inductive power transmission. (b) The 





3.1 The Theoretical Modeling of Implanted Planar Spiral Coil 
The need for small footprints in the next generation f high performance 
implantable devices calls for higher geometrical precision for integration on chip or on 
package. This would require microfabrication techniques that result in lithographically 
defined planar structures that are known as printed spiral coils (PSCs). PSCs offer more 
flexibility in defining their characteristics and have the ability to conform to the body 
curvature if fabricated on thin flexible substrates such as polyimide or parylene [14]. The 
lumped equivalent circuit model of each PSC in Figure 3.1 is enclosed in dash-dot boxes. 
In the following, a realistic theoretical model for PSCs is constructed to both implanted 
and external PSCs. 
3.1.1 Inductance 
In this work, all PSCs are square shaped with rounded corners that have a radius of 
about a tenth of the side length of the PSC (do/10) to eliminate sharp edges. Several 
closed-form equations have been proposed to approximate L in PSCs. (3.1) is adopted 





















µ avgdnL ,     (3.1) 
where n is the number of turns, µ = µ0 µr is permeability, and avg = (do + di)/2, where do 
and di are the outer and inner side lengths of the coil, respectively. φ = (do – di)/(do + di) is 
a parameter known as fill factor. From [108], different shapes of the PSCs are also 
studied. The accuracy of (3.1) has an indirect relationship with the s/w ratio, where w and 
s are the PSC metal line width and spacing, respectively. According to [108], the error in 
(3.1) is 8% for s/w = 3 and increases for s/w > 3. Moreover, the accuracy of (3.1) 




Parasitic capacitance, CP, is mainly determined by the spacing between planar 
conductive traces and their surrounding materials. Implantable PSCs are implemented on 
organic, ceramic, or silicon substrates and coated by an insulator such as parylene or 
silicone. When implanted, they are surrounded by tissue and fluids that have high 
permittivity, which significantly increase the parasitic capacitance of the PSCs compared 
to when they are operated in air. In order to model th  unit length parasitic capacitance of 
an implanted PSC, the PSC is considered as a coplanar stripline sandwiched between 
several layers of dielectric substrates, as shown in Figure 3.2.  
The effective relative dielectric constant, εr-eff, of the multilayer structure has to be 
estimated for the capacitive coupling between coplanar conductors. It should take into 
account the effect of all layers and their thicknesses as opposed to only one surrounding 
material. Conformal mapping is one of the spatial transformation schemes mainly used in 
calculation of static two-dimensional unbounded field problems. Using conformal 
mapping and superposition of partial capacitances, the analytical equations are derived in 
[109]–[111]. Figure 3.2 shows the cross section of two traces of the external PSC in 
multilayer environment. The planar metal traces are implemented on a substrate that 
provides mechanical support and coated on both sides by an insulator. One side of the 
PSC is air and the other side is the tissue or saline (in some of our measurements). The 
tissue is considered as a single homogeneous layer to simplify the calculation. In realistic 
situation, one should discriminate between the skin, fat, muscle, blood, and bone 
properties [27], [29]. From conformal mapping technique and superposition of individual 
layers, the total capacitance per unit length of the external PSC can be expressed as 
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050403020100 CCCCCCCC effrext +++++== −ε ,     (3.2) 
where C0 is the capacitance between adjacent traces in free space, and C0i (i = 1 to 5) is 















= , and 200 1 kk −=′ ,     (3.3) 
where K(k0) is the complete elliptic integral of the first kind [109]. εr-eff of coplanar metal 
PSC traces embedded in Figure 3.2 multilayer structu e for package and tissue material 


































































, 21' ii kk −= , 
εri and ti are the relative dielectric constant and thickness of dielectric layers in Figure 3.2, 
respectively [109]-[111]. 
Up until this point, the effect of the PCS metal thickness, t0, is considered. A good 






















,        (3.5) 
and εe is the mean value of the permittivities of the layers in contact with the strips, as 





In order to access the PSC inner terminal, a conductor should bridge across all other 
turns of the PSC in a different layer and make a connection to the PSC metal layer 
through a via. This would result in additional parasitic capacitance between the two 
overlapping metal layers. The overlapping trace can be considered a microstrip line with 





C __0εε= ,        (3.6) 




w + 2∆ 
w ∆ ∆ 





Figure 3.2:  Modeling of the parasitic capacitance and parallel resistance created by the 
multilayer material of the external PSC by the coplanar stripline [111]. 
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where Aov is the overlapping area and tov is the spacing between the two metal layers, 
which could be equal to t5 in Figure 3.2 if the substrate has only two metal layers, one on 
each side. According to [112] , the effective dielectric constant between two conductive 































εεεε ,    (3.7) 
which includes the fringing effect and thickness of the conductive traces. Overall, the 
total parasitic capacitance of the external PSC can be calculated from, 
ovcextP ClCC +⋅= ,         (3.8) 
where lc is the PSC conductor length, found from [5], 
)()12(44 2 wsnwndnl oc ++−⋅⋅−⋅⋅= .      (3.9) 
For the implanted PSC, (3.2) to (3.9) can be used with the exception that the 
dielectric Layer-3 (air) should be replaced by the issue properties, similar to Layer-1, 
depending on the anatomical location of the implanted device. 
3.1.3 Series Resistance 





= ρ ,         (3.10) 
where ρc is the resistivity of the PSC conductive material, which is copper. The skin 





















ρδ , 0µµµ ⋅= r         (3.12) 
where δ is the skin depth, µ0 is the permeability of space, and µr is the relative 
permeability of the metal layer [113]. 
Another effect that contributes to the PSC parasitic resistance is the current 
crowding caused by the eddy currents, illustrated in Figure 3.4. When the magnetic fields 
of the external PSC or adjacent turns in the same PSC penetrate a planar trace normal to 
its surface, eddy currents are generated within that trace in a direction that opposes the 
changes in the magnetic field according to Lenz’s law. For example, in Figure 3.4, the 
direction of the eddy currents corresponds to an increasing magnetic field. These currents 
add to the current passing through the inner side of the PSC trace, nearest to the center of 
the spiral, and subtract from the current passing through the outer side. This constriction 
in the current increases the effective resistance compared to a uniform flow throughout 
the trace width. The modified resistance by including the effect of eddy currents can be 





















ω ,        (3.14) 
where ωcrit is the frequency at which the current crowding begins to become significant 
and Rsheet is the metal trace sheet resistance [114]. Therefore, RS at the power carrier 
frequency can be defined as RDC when it is modified by the skin and eddy current effects 
[115]. The total series resistance with the parasitic effects, skin effect and eddy current, is 




































δ δ   (3.15) 
 
3.1.4 Parallel Resistance 
At low RF frequencies, the parallel resistance, RP, in the PSC model of Figure 3.1 
is resulted mainly from the dielectric loss and can reduce the PSC quality factor. Most 
dielectric materials used in the PSC substrate and coating have small dielectric loss, 
resulting in very large RP. In comparison, the tissue is significantly more conductive and 
its effect should be considered in a multilayer materi l environment. The partial 
conductance technique combined with the conformal mpping is used to calculate the 
dielectric loss of the tissue. Dielectric losses can be described by the loss tangent, tan(δ), 
which is related to its conductivity, σ = ε0εrωtan(δ). The conformal transformations 
required for the evaluation of partial conductivities due to different layers are similar to 
the partial capacitances described in Section 3.1.2 [111]. For the external coil, shown in 



























































rr δεδε ,   (3.16) 







where tan(δ3) = 0 for air. The same equation can be used for the internal coil equivalent 
conductance. 
3.1.5 PSC Quality Factor 
From (3.1)-(3.16), all the parameters needed for calcul ting the overall impedance 
















Q = .           (3.18) 
From these equations, the higher parasitic capacitance decreases the PSC quality factor, 
and consequently the power efficiency. 
3.1.6 Mutual Inductance and Power Transfer Efficiency (PTE) 
A PSC can be considered a set of concentric single-turn loops with shrinking 
diameters, all connected in series. The mutual inductance, M, of a pair of PSCs, can be 
found by summing the partial values between every turn on one PSC and all the turns on 
the other PSC at a certain coupling distance, D, [5], [62], [115]. From M, the PSCs’ 
coupling coefficient, k, would be 
21LLMk = .         (3.19) 
A PSC can be considered a set of concentric single-turn coils with shrinking 
diameters, connected in series. Therefore, once the mutual inductance between a pair of 
single-turn coils in parallel planes is found, the overall M can be found by summing the 
partial mutual inductance values between every turn on one coil and all the turns on the 
other coil. Using Maxwell equations, Mij between a pair of parallel circular single-turn 


























































γµπ  (3.20) 
where D is the relative distance between the two coils and γ is the lateral misalignment 
[63], [112]. J0 and J1 are the Bessel functions of the zeroth and first order, respectively. 
For perfectly aligned coaxial coils, where γ = 0, (10) can be simplified to  
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=α         (3.22) 
where K(α) and E(α) are the complete elliptic integrals of the first and second kind, 












jiij DrrMgM         (3.23) 
where g, geometrical coefficient, is a factor dependent on the shape of the PSC. Even 
though the area of a square shaped coil with a side length of 2r is 27% larger than a 
circular coil with equal diameter, it is empirically found that M between a pair of square 
shaped PSCs is only 10% higher than a pair of similar c rcular PSCs. From the empirical 
results, g = 0.95, 1.0, and 1.1 for a pair of hexagonal, circular, and square shaped PSCs, 
respectively [7]. 
It can be shown mathematically that the highest voltage gain and efficiency across 
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In practice, the secondary PSC is often loaded by the implant electronics, RL, as shown in 
























.        (3.25) 
The inductive link power transfer efficiency (PTE) can then be calculated from PSCs’ k 



















η .       (3.26) 
It should be noted that most aforementioned parameters in PSCs are interrelated. 
For example, increasing n in PSCs without changing do can increase their L and k. 
However, it may also decrease Q by increasing RS due to increased l and reduced w. 
Therefore, there are optimal PSC geometries that would maximize η12 [5]. Another 
important parameter is the VS output resistance, not shown Figure 3.1, which is out of the 
scope of this paper and needs be considered along with the driver’s efficiency [116]. 
3.2 Optimization of Printed Spiral Coils 
In this section, the detailed models built in Section 3.1 are used to design three sets 
of coils optimized for air, saline, and muscle tissue environments. The material properties 
of these volume conductors are summarized in Table 3.1 [27], [29]. The iterative design 
procedure [5] is adopted. The procedure starts witha set of design constraints and initial 
conditions imposed by the PSC application and fabric tion process and ends with the 




3.2.1 Optimization Procedure for Power Transfer Efficiency (PTE) 
An iterative design procedure has been depicted in this section which starts with a 
set of design constraints and initial values, and es with the optimal PSC pair 
geometries. The first step is applying design constraints, and initial values are put in the 
equations for second step. The third step optimizes th  size and fill factor, φ1, of primary 
PSC, and the fourth step optimizes fill factor, φ2, and line width, w2, of secondary PSC. 
Then, the design goes back to optimize size and line width, w1, of primary coil. From 
these steps, if the efficiency is not improved more than 0.1%, the iteration goes back to 
the third step. The flow chart of this procedure is summarized in Figure 3.5. After 
calculation, HFSS simulations have been used for fine tuning and verifying the values 
suggested by theoretical calculations. Thus, the simulation results can give the designer a 
good sense of how to make necessary compromises to achieve a satisfactory performance 
for the PSCs. 
In this design example, the size of the implant is 10×10 mm2, which is reasonable 
for a retinal or cortical visual prosthesis [25], [71]. The nominal coupling distance 
between the PSCs is considered D = 10 mm and the power carrier is set at 13.56 MHz to 
comply with RFID standards [36]. However, it could be set to any other band in 0.1~50 
MHz range, as long as it is well below the half of the PSCs’ self resonance frequency 
(SRF) [69], [2]. 
Table 3.1. M ATERIAL PROPERTIES 
Material Air Saline Muscle FR4 Silicone 
f [MHz] 13.56 13.56 13.56 13.56 13.56 
σ [S/m] 0 0.60 0.58 1.33e-4 2.26e-6 
εr 1 78 136 4.4 3.0 
tan(δ) 0 10.2 6.0 0.04 0.001 




Table 3.2 shows the geometries of the resulting PSCs, specifically optimized for 
each environment along with the simulation results for Q, k, and η12, when the PSC pair 
is perfectly aligned. It should be noted that k is the highest in Set-1, resulting in 
Figure 3.5:  Iterative PSC design flowchart for optimal PTE. 
 
3. Optimizing size and fill factor of the primary PSC. 
Parameters: do1, ϕ1 
4. Optimizing fill factor and line width of the secondary PSC. 
Parameters: ϕ2, w2 
5. Optimizing size and line width of the primary PSC. 
Parameters: do1, w1 
Yes 
No 
2. Applying the initial values. 
Parameters: w1, w2, ϕ1, ϕ2 
1. Applying design constraints based on implantable device application and 
PSC fabrication process. 
Parameters: do2, dimin, D, f, RL, wmin, smin, tc, ρ, µrc, ts, εrs 
6. Is the PTE improvement less than 0.1%? 




maximum efficiency in the air. However, Q of Set-1 and Set-2 are both smaller than Q of 
Set-3 in the muscle environment, which results in Set-3 showing the highest efficiency in 
muscle. Further, it can be seen that for the same implant size and coupling distance, the 
outer diameter (side length) of the external PSC, shrinks with increasing dielectric 
constant and loss tangent. 
 
3.2.2 Optimal Coating Thickness 
The receiver coil in inductively powered IMDs is often embedded in ceramic, 
parylene, or medical grade silicone [117]. The dielectric constant, εr, of silicone coating 
is much lower than saline or any type of human tissue, as shown in Table 3.1. Increasing 
the thickness of the coating will reduce CP and increase RP in the PSC model, both of 
which help increasing Q and consequently η12. On the other hand, increasing the 
Table 3.2. OPTIMIZED PSC GEOMETRIES AND INDUCTIVE L INK CHARACTERISTICS FROM SIMULATION 
RESULTS* 
Parameter Set-1 Set-2 Set-3 
Material Air Saline Muscle 
Name PSC11 PSC12 PSC21 PSC22 PSC31 PSC32 
do (mm) 38 10 30 10 24 10 
di (mm) 14.9 5.8 11.1 5.5 9.4 7.2 
ϕ 0.44 0.27 0.46 0.29 0.46 0.16 
n (turns) 7 6 3 5 2 4 
w (µm) 1500 200 3000 250 3500 150 
s (µm) 150 150 150 150 150 150 
L (µH) 1.66 0.51 0.26 0.33 0.12 0.34 
RS (Ω) 0.93 0.72 0.22 0.44 0.06 0.72 
RP (kΩ) 758 3120 7.19 18.34 2.36 1.68 
CP (pF) 3.12 0.18 7.88 1.37 7.72 0.77 
Cs1 / C2 (pF) 83.0 270.1 510.2 417.5 1148 450 
SRF (MHz) 70 525 122 236 165 302 
Q 128 60 81 55 96 32 
k 0.0697 0.0518 0.0301 
η12_cal (%)♦ 72.05 55.22 29.85 
η12_sim (%) 74.86 49.12 27.70 
η12_meas (%)♠ 72.22 51.80 30.84 
*  For perfectly aligned PSCs with a nominal coupling distance of D = 10 mm at f = 13.56 MHz and RL = 
500 Ω, coated with a 300 µm layer of silicone.  
♦Calculation results. 
♠Measurement results.  
 
 33
thickness of the coating will increase D and the volume of the implantable device, both of 
which are undesired. Therefore, it is instructive to indicate the optimal coating thickness 
by sweeping t2 in PSC model (Figure 3.2), while maintaining all other parameters 
constant. In these model-based simulations, all PSCs were in the muscle environment and 
maintained 10 mm between the outer surfaces of the two PSCs’ coating. The actual 
coupling distance between the two PSCs was D= 2t2 + 10 mm.  
Figure 3.6 shows the results of varying the coating thickness of PSCs in Table 3.2. 
It can be seen from the model that the optimal thickness for Set-3, which geometries are 
optimized for the muscle environment, is a reasonable value of t2 = ~300 µm. However, 
the other PSCs need much thicker coatings to reach their maximum efficiencies. This is 
because their geometries are optimized for lower loss environments and they need thicker 
coatings to compensate for the additional loss in the muscle environment or any other 
tissue environments. 
 
Figure 3.6:  Optimal thickness of the silicone coating on both sides of each PSC with geometries 
given in Table 3.2 in the muscle environment. The distance between the coating surfaces that face 
each other is fixed at 10 mm. 
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3.3 Simulation and Measurement Results 
Figure 3.7 shows the PSC measurement setup. A network analyzer (R&S ZVB4) 
is used to measure the S-parameters of each coupled PSC pair at a desired coupling 
distance. The S-parameters were converted to Z-parameters to calculate k and the quality 
factors from (3.17)-(3.21) to find η12 [118]. In addition to measurements in air, two 
plastic bags (~50 µm thickness), filled with saline or beef are used to emulate implant 
environments. The internal PSC was sandwiched between the two bags while the external 
PSC was aligned with it. The thickness of the layer b tween PCSs was t1 = 10 mm, and 
the layers behind the internal PSCs, t3, were 70 mm and 50 mm for saline and beef, 
respectively. The saline was a solution of 9 mg/L NaCl, and the beef was sirloin steak. 
The beef temperature at the time of measurement was 10.8 °C, and the saline was in 
equilibrium with the room temperature at 24.0 °C. 
 
3.3.1 PSC Quality Factor 
Each PSC pair in Table 3.2 is coated with CF16-2186 silicone elastomer from 
NuSil (Carpinteria, CA) up to a thickness of ~300 µm, which is optimized from Section 
3.2.2. Figure 3.8 compares the theoretical calculation, HFSS simulation, and 
(a)                                                                               (b) 
Figure 3.7:  Experimental setup for measuring inductive link properties between a pair of PSCs in 
the air, saline (a) and muscle (b) environments.  
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measurement results of PSC21 and PSC31 (both external) quality factors vs. carrier 
frequency, with and without coating, in saline and muscle environments. It can be seen 
that Q of both PSCs have been improved with the silicone coating as predicted. This 




Figure 3.8:  Comparison between theoretical calculations, HFSS simulations, and measurement 
results of Q variations vs. carrier frequency of (a) PSC21 in saline and (b) PSC31 in muscle, with 




Figure 3.9 shows how the Q of coated PSC11 and PSC31 change vs. frequency in 
the air and muscle environments. At 13.56 MHz, Q of PSC11 decreases by 78% from 
128 in air to 28 in the muscle environment. On the other hand, the Q of PSC31 decreases 
only by 25% from 122 in air to 92 in muscle. The agreement among calculation, 
simulation, and measurement results in Figure 3.9 demonstrate the efficacy of the 
geometrical optimization has helped to improve the PSC quality factors by a factor of 
~3.3 in the muscle environment. In fact, optimization of the implanted PSC for the 
surrounding environment is influenced by the changes in the geometry of the external 
PSC. A comparison between PSC12 and PSC32 in Table 3.2 shows that optimization for 
the muscle environment has reduced n32 and w32, both of which reduce CP2 and RP2. In 
measurements, Q of PSC12 and PSC32 reduced from 51.5 and 36.6 in the air to 42.3 and 
36 in the muscle environment, respectively. This is because of the size constraint applied 
to the implanted PSC (10×10 mm2). Therefore, the resulting the PTE in muscle for Set-3 
is higher than Set-1, as discussed in Section 3.3.2. 
 
(a) 
Figure 3.9:  Comparison between theoretical calculations, HFSS simulations, and measurement 
results of Q variations vs. carrier frequency in (a) PSC11 that is optimized for air.  (b) PSC31 




3.3.2 Power Transfer Efficiency (PTE) 
PSC pair geometries affect k and Q, both of which are key factors in η12 according 
to (3.22). The comparison of the PTE of the three sts of PSCs is shown in Table 3.2 in 
the air, saline, and muscle environments, in Figs. 3.10a, 3.10b, and 3.10c, respectively, 
through model-based theoretical calculations, FEA simulations, and experimental 
measurements. The carrier frequency is held constant a  13.56 MHz, and the secondary 
PSC is loaded with RL = 500 Ω. Figure 3.10 curves show that each set of PSCs performs 
best in its designated operating environment, most important of which is the muscle, 
where an implantable device eventually resides. Figure 3.10c obviously shows that a pair 
of PSCs that is optimized for air (Set-1) provides the worst η12 when implanted in the 
muscular tissue. Set-1 PSC pair can achieve more than 70% of the PTE in the air due to 
their high k, but their η12 drops to only 21.8% in the muscle environment due to 
(b) 
Figure 3.9:  Comparison between theoretical calculations, HFSS simulations, and measurement 
results of Q variations vs. carrier frequency in (b) PSC31 that is optimized for muscle, in these 
two environments (see Table 3.2 for PSC geometries). 
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degradation in their Q, as seen in Figure 3.9a. Set-3 pair, on the other hand, provides η12 
> 30% at D = 10 mm due to PSC31 smaller geometries.  
Figure 3.10 curves also show reasonable agreement among theoretical calculations 
from our models, finite element simulations, and measurement results. There are, 
however, small discrepancies due to the following reasons, some of which are related to 
our models and some are related to the measurement setup: (1) inherent limitations in the 
accuracy of the closed form equations, particularly when the PSC parameters are close to 
or out of their valid range of parameters, (2) large line width and small number of turns, 
resulted from our optimization algorithm particularly for Set-3 (Table 3.2), causing the 
shape of PSC13 to deviate from a perfect square with rounded corners, affecting the 
validity of (1), (3) secondary effects such fringin and capacitive coupling between the 
two inductively coupled PSCs, which were not included in our models, (4) manually 
applied silicone coating was not quite uniformly distributed on the PSC surfaces, (5) 
there could be small patches of air gap between the plastic bags containing the volume 
conductors and the outer surface of the PSCs’ silicone coating, and (6) the 50 µm thick 
plastic bag, made of polyethylene with εr = 2.3 and tan(δ) = 0.0002, which was 





Figure 3.10:  Variations of the power transfer efficiency with coupling distance at 13.56 MHz 







This chapter demonstrates detailed models and devised design paradigms for small 
PSCs that are meant to be fabricated on rigid or flexib e planar substrates, coated with 
biocompatible dielectric materials. Various phenomena that could result in degradation of 
the PSC quality factors due to coating and implantation were considered in our models. 
The models are combined with an iterative PSC design procedure, previously reported in 
[16], to optimize the PSC geometries for providing maximum PTE in tissue environments. 
This can result in lower heat dissipation, extended battery lifetime, and improved safety 
in neuroprosthetic devices, such as retinal or cortical implants, with demanding size 
constraints [58]. The design methodology is applied to optimize the wireless link of a 1 
cm2 implantable device example, operating at 13.56 MHz. Measurement results showed 
that optimized PSC pairs, coated with 0.3 mm of silicone, achieved 72.2%, 51.8%, and 
30.8% efficiencies at a face to face relative distance of 10 mm, in air, saline, and muscle, 
respectively. The PSC which was optimized for air could only bear 40.8% and 21.8% 
efficiencies in saline and muscle, respectively, showing that considering the PSC 
surrounding environment in the design process can result in more than 10% improvement 
in the power transfer efficiency. 
In this chapter, the PSC design maximizes the power carrier’s PTE. On the other 
hand, wireless data communication is also important for implantable devices, and these 
two commutation links can interfere with each other. In the next chapter, this issue is 






4. MULTIBAND WIRELESS LINK FOR NEUROPROSTHETIC 
IMPLANTABLE DEVICES 
Wireless operation of implantable microelectronic devices (IMD) is necessary in 
clinical neuroprostheses to reduce the risk of infection and patient discomfort, which may 
result from transcutaneous wires breaching the skin. The wireless link is expected to 
perform three major functions:  
(1) Power transmission: The geometry of the coils used in the next generation of low-
power IMDs is more likely to be planar and lithographically defined [74]. Therefore, an 
iterative design methodology to maximize their power transmission efficiency (PTE) for 
printed spiral coils (PSC) is discussed in Chapter 3 [4], [5]. 
(2) Forward data transmission: Wideband wireless data transmission from outside into 
the body is needed, such as the large volumes of stimulation data [119]. A separate pair 
of coils for the data transmission has utilized [9] because of conflicting requirements 
between power and data links. In this chapter, two types of data coils are studied. First, a 
pair of vertical coils wound across the diameter of the power PSCs whose symmetry and 
orthogonal magnetic field orientation would minimize the power carrier interference. 
Second, a pair of planar figure-8 coils, in which the electromotive force (EMF) induced 
from the power carrier in one loop, opposes the same in the other loop [10]. Hence, the 




(3) Back telemetry: The IMDs require a wideband back telemetry link, but passive back 
telemetry, used in radio frequency identification (RFID) does not provide enough 
bandwidth for this application [36]. Therefore, the impulse-radio ultra-wideband (IR-
UWB) is chosen for this purpose, which provides wide bandwidth with a simple and low-
power transmitter [88]. A pair of miniature planar spiral UWB antennas was trying to put 
on the multiband wireless link, but the interferenc from the coil is still high [3]. Hence, a 
commercial miniature UWB antenna is for IMDs. 
The detailed block diagram of the proposed multiband wireless link is proposed 
which is similar to Figure 1.1. L1 is the external power PSC and, L2 is the internal PSC 
that is implanted under the skin flap. L3 and L4 are the forward data coils. Back telemetry 
link utilizes miniature UWB antennas, A1 and A2.  
 
The power PSCs design theory won’t be discussed here since it has been covered 
in Chapter 3. In this chapter, a theoretical foundation for data coils is introduced in 
Section 4.1. Design procedure and optimization of the multiband wireless link 
Figure 4.1:  Block diagram of the multiband wireles  link in a high-performance IMD [9]. 
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components is discussed in Section 4.2. Section 4.3 is dedicated to simulation and 
measurement results, followed by concluding remarks. 
4.1 Forward Link 
A separate pair of coils for the data transmission has utilized to reduce the 
interference from power carrier, and two types of the data coils, vertical coil and figure-8 
coil, are studied in this section.  
4.1.1 Vertical Data Coils 
The geometry and orientation of the forward data coils are key issues, since the 
power carrier amplitude can be up to two orders of magnitude larger than the data carrier. 
In order to solve this problem, orthogonal coils by winding the data coils across the 
diameter of the power PSCs is proposed, as shown in Figure 4.2 [3]. In this method, due 
to symmetry and orthogonality of the coils’ geometries, the magnetic flux generated by 
the power PSCs do not pass through data coils and their undesired cross coupling factors 
(k14, k13, k23, and k24) can theoretically be close to zero when the coils are perfectly 
aligned. The data coils, however, can maintain a smll but adequate direct coupling, k34, 
due to being in parallel with long conductors. One should note that k34 is maintained in 
the same range or slightly higher than the undesired couplings. Since the forward data 
link operates at a different frequency band, the rec iver L4CP4 tank helps with amplifying 
the received data carrier and filtering out the undesired power carrier interference [9]. 
In Figure 4.2, the height (hd), width (wd), and length (ld) of each rectangular vertical 
data coil are depend on the thickness of the power PSC substrate, data coil’s number of 
turns (nd), and  diameter of the power PSC, respectively. wd also depends on the diameter 
of the chosen wire (Diad) and their spacing, sd. Using these geometrical parameters in 
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tabular self inductance formulation in [3], the inductance of L3 and L4 are calculated. The 
detailed equations is presented in Appendix A. 
 
The coupling coefficient between a pair of coil is defined as 
433434 LLMk = ,         (4.1) 
where M34 is the mutual inductance between L3 and L4. Figure 4.3 shows the cross section 
of the rectangular solenoid-shaped coils. Regarding the M34 equations, the coils relative 
distance, D, and X-axis misalignment, X, are considered. The vertical data coils are 
robust against misalignments along the Y-axis (see Figure 4.2), and sensitive to 
misalignments along the X-axis. The original equations for the mutual inductance from 
[121] were based on circular solenoids. The height of rectangular coil (hd) is used instead 
of the diameter for the circular solenoid. The area of the circular solenoid is also replaced 
by the area of the rectangular solenoid (ld × hd). The simulation and measurement results 
showed that these approximations are valid for ld / hd < 20. Detailed equations for M34 are 







Figure 4.2:  (a) Rendering of the power and forward data transmission coils, showing their 






4.1.2 Figure-8 Data Coils 
The second design for the data coils is based on the planar figure-8 geometry, 
shown in Figure 4.4a. This type of coil is often used in transcranial magnetic stimulation 
(TMS) [122]. The direction of windings in each loop f the coil is chosen such that when 
the coil is exposed to an external field symmetrical to both loops, induced currents would 
cancel out [123]. Therefore, even when they are in the same plane as the power PSCs, 
figure-8 coils can attenuate the power interference. Moreover, the mutual inductance, M
between two figure-8 data coils is larger than the coupling between vertical coils because 
these coils are facing each other. In this design, two out of four metal layers in the printed 
circuit board (PCB) are used to implant the figure-8 data coils with Nd3 = Nd4 = 2. L4 is 
made as large as the IMD size allowed, i.e. filling the same area as L2. Geometry, line 
width, and substrate thickness affect the self inductance and mutual coupling of the 
figure-8 coils. Since closed form equations for figure-8 coils are quite complicated, a 
commercial field solver, HFSS (Ansoft, Pittsburgh, PA) is used, to model these 
parameters. 












4.2 Multiband Wireless Link Design Procedure 
The multiband design includes a power carrier, forward data, and back telemetry. 
The power carrier is introduced in Section 4.1.2, and the data links are discussed in 
Section 4.1.3. The design procedure includes not only optimal geometry of each link but 
the mutual coupling between each other. 
4.2.1 Power PSC 
The studies of optimization of power PSC has been summarized in Chapter 3 [3] 
and combined the theoretical foundation of optimal power transmission in inductive links 
with simple models [5]. Please note that the eddy current is not included in the model [5], 
in this preliminary design. Table 4.1 summarizes the design constraints for visual 
prosthesis application by a standard PCB fabrication process, and Table 4.2 depicts the 
optimized geometries for L1 and L2.  
(a)                                                                                              (b) 
Figure 4.4:  (a) Planar figure-8 coil layout. (b) Exploded view of the UWB antenna stacked on top 
of the power PSC and figure-8 data coil in a 4-layer PCB to form the implantable side of the 





4.2.2 Vertical Data Coils 
In this prototype, a synchronous frequency shift keyed (FSK) carrier at fFD1 = 25 
MHz and fFD0 = 50 MHz is chosen based [9] for the forward data carrier frequency. 
Figure 4.2a shows the geometrical parameters of the data coils (ld, wd, hd, nd). Figure 4.5 
summarizes three-step design procedure. The first constraint is the size of the IMD [7]. In 
order to reduce thickness of L4, the multi-strand Litz wires (MWS Wire Industries, 
Westlake Village, CA) are used. This wire had a diameter of Dia4 = 100 µm with seven 
insulated strands of AWG-48 wires. Using Table 4.2, ld4 = do2 + 2Dia4 = 10.2 mm. The 
height of L4, hd4, is dictated by the IMD thickness. Increasing nd3 and nd4 improves k34 at 
the expense of decreasing the coils’ self resonant frequency (SRF) and increasing 
undesired k14 and k23. SRF is defined as 
LCπ21SRF = ,         (4.2) 
Table 4.2. OPTIMIZED POWER PSC GEOMETRIES AND SPECIFICATIONS  
Parameter L1 L2 Parameter L1 L2 
do (mm) 79 10 w (µm) 5500 290 
di (mm) 11.2 2.96 s (µm) 150 150 
ϕ (fill factor) 0.751 0.543 L (µH) 1.22 0.49 
N (turns) 6 8 Q 102 36 
Frequency (MHz) 13.56 
k12 0.036 
Efficiency (%) 56.65 
*Derived from using Table 4.1 in the iterative procedure explained in [5]. 
Table 4.1. DESIGN CONSTRAINS IMPOSED BY APPLICATION AND FABRICATION PROCESS 
Parameter Symbol Design Value 
Implanted PSC outer side  do2 10 mm 
PSCs relative distance D 10 mm 
Link operating frequency f 13.56 MHz 
Secondary nominal loading RL 500 Ω 
Conductor thickness tc 38 µm 
Substrate thickness ts 1.6 mm
 




where L is the data coils’ self-inductance, and C is their parasitic capacitance. As a rule of 
thumb, SRF should be at least twice the carrier frequency [69], [110]. Hence, SRF3,4 ≥ 
100 MHz. Figure 4.6 shows the HFSS simulated relationship between SRF and d4 for a 
single strand rectangular coil with ld4 = 10.2 mm, hd4 = 1.7 mm, wd4 = 1 mm and Dia4 = 
100 µm. It can be seen that nd4 = 6, SRF4 = 96.3 MHz in simulation and SRF4 = 98.8 
MHz in measurement. 
 
 
Figure 4.6:  Self resonance frequency vs. number of turns for the vertical data coils. 
Design of the internal data coil (L4): 
1. Length and height indicated by the size of IMD 
2. Use thin Litz wire to minimize thickness 
3. Number of turns indicated by SRF of L4 
Cross coupling of the external power coil (L1) and internal data coil (L4): 
k34 > 10 k14  (ex. k14 = 9.1×10
-5) 
Design of the external data coil (L3): 
1. Optimal length, l3 
2. Diameter of wire: Thickness  
3. Number of turns: SRF 
Figure 4.5:  Design procedure for optimal design of the vertical data coil. 
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In the second step, since dimensions of L1 and L4 as well as their relative distance, 
D, are known, k14 can be found by using a field solver to determine the power carrier 
interference. D is considered the distance between the closest condu tors in L1 and L4. In 
the simulation result, k14 = 9.1×10
-5 at 25 MHz, which is the minimum value for k14 when 
the coils are perfectly aligned. However, since the int rference can be through multiple 
paths, the best alignment can be found by shifting L4 horizontally about 0.5 mm in each 
direction from the center of the power coil. In the n xt step, L3 should be designed such 
that k34 is at least an order of magnitude larger than k14. A short ld3 turns L3 into a 
solenoid with concentrated magnetic field but smaller cross section. If ld3 is too long, on 
the other hand, L3 turns into a series of infinite parallel conductors with lower mutual 
coupling. Hence, there is an optimal length for ld3. In order to demonstrate the effect of ld3 
on k34, Figure 4.7 shows k34 between L4 and n3 = 3, 5, and 10-turn L3, by sweeping ld3 
from 10 to 70 mm. Once again, D = 10 mm, and hd3 was set to 1.7 mm, because of PCB 
thickness. The results show that ld3 = 30 mm is the optimal length for L3 in these 
conditions. 
 
Figure 4.7:  Vertical data coils direct coupling as a function of the length of L3. D = 10 mm. 
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Dia3 and nd3 are the other parameters, which have direct relationships with k34. 
Figure 4.8 shows the results of k34 by sweeping Dia3 and nd3 from 0 to 0.5 mm and 0 to 
10 turns, respectively. Despite their positive effect on k34, increasing Dia3 would add to 
the thickness of the external coil/antenna complex, and increasing nd3 reduces SRF3. The 
wire of L3 is still Litz wires with Dia3 = 350 µm, made of an insulated AWG-36 strands. 
This type of wire indicated by a dashed line in Figure 4.8, adds ~700 µm to the 1.6 mm 
thick L1. Regarding the optimal value of nd3, SRF3 with all the known geometrical 
parameters of L3 is simulated, and it can be seen in Figure 4.6 that nd3 = 5 would be the 
best choice, resulting in SRF3 = 128.8 MHz. This point has been shown by a red dot in 
Figure 4.8, corresponding to k34 = 0.00246, which is 27 times larger than k14. This 
concludes the optimal vertical data coils design, which specifications are listed in Table 
4.3, for D = 10 mm. 
 




4.2.3 Figure-8 Data Coils 
Figure 4.4a shows the figure-8 data coil (L4) geometry. Note that the two loops are 
laid out symmetrically with opposite winding directions. Similar to the vertical data coils, 
the largest possible area for L4 is dictated by the IMD size, which is the size of L2 (do4 = 
10 mm). The line width for L4 to be 200 µm is chosen, slightly larger than the minimum 
widths possible in our PCB fabrication process. Layers-2 and -3 of a 4-layer FR4 PCB 
are dedicated to the implantable figure-8 data coil, which are spaced at 0.8 mm. The 
simulated SRF4 with the above dimensions was 256 MHz. In order to find the best size 
for L3, the coil design is learned from  that the optimal radius of a 1-turn circular loop for 
maximum coupling with another loop that has a radius of R at distance D is ~D√2, when 
R is small. Since D = R = 10 mm in this design, the size of L3 is 32 × 32 mm
2, which is 
slightly larger than the optimal size to account for the width of the planar conductors. The 
line width affects not only the parasitic resistance but SRF3. Hence, a line width of 2.0 
mm is used on a 2-layer 1.6 mm thick PCB, and L3 achieves SRF3 = 138 MHz in 
simulations. Specifications of the figure-8 data coil designs and characteristics are 
summarized in Table 4.4. 
Table 4.3.  OPTIMIZED VERTICAL DATA COIL CHARACTERISTICS  
Parameter L3 L 4 
Type of Litz wire 7 × AWG-36 7 × AWG-48 
Wire Diameter (µm) 350 100 
Number of Turns 5 6 
Length (mm) 30 10.2 
Width (mm) 2.0 1.0 
Height (mm) 2.2 1.7 
Inductance (µH)*  0.3081 0.5972 
SRF* 128.8 98.8 
Cs3 and Cp4 (pF) 58.46 27.9 
Q @ 50 MHz* 50.2 20.2 
k34
* 0.0022 




4.2.4 UWB Antenna 
In the compact design, spiral geometry for the UWB back telemetry antenna is used, 
and this design took advantage of the power coil as its ground plane. The antenna consists 
of seven turns of planar copper with the line width of 400 µm and line spacing of 200 µm 
on the backside of L2. The feed point of the UWB antenna is at the center, and its 
diameter is 10 mm. However, this rough design only provides a preliminary concept, and 
the design of UWB antenna based on the special geometry needs to be improved in the 
future. However, a key advantage of this design is that it can be batch fabricated on a thin 
organic substrate with minimum size overhead in an actual IMD. Figure 4.4b shows an 
exploded view of the entire multiband coil/antenna complex on the implantable side, 
implemented on a 4-layer PCB. 
An alternative way for multiband module is the commercial UWB chip antenna, 
which is mounted on the side of the power PSC and forward data coil. Although this 
additional antenna increases the size of the module, this antenna can provide a better 
performance. The chip antenna is made by ceramic (3100AT51A7200E, Johanson Tech. 
Inc., Camarillo, CA) in 6.0 ×10.0 × 1.2 mm3, and the bandwidth is 3.1 to 10.3 GHz. 
Figure 4.9 shows the design of the module, and the spacing of the UWB antenna and 
coils is 4.8 mm. 
Table 4.4. OPTIMIZED FIGURE-8 DATA COIL CHARACTERISTICS  
Parameter L3 L 4 
Line width (mm) 2 0.2 
Size (mm2) 32 × 32 10 × 10 
Number of turns 2 2 
Inductance (µH)*  0.1306 0.3338 
SRF (MHz)*  138 256 
Cs3 and Cp4 (pF) 137.9 52.80 
Q @ 50 MHz* 46.4 38.8 
k34
*  0.011 




4.3 Simulation and Measurement Results 
The measurement setup is shown in Figure 4.10. The coils are connected to a 4.0 
GHz vector network analyzer (R&S ZVB4) in pairs to measure their S-parameters. The 
S-parameters were then converted to Z-parameters to calculate the quality factors, mutual 
inductances, and PTE [118]. Since do1 > l3 (see Tables 4.2 and 4.3), a pair of via holes are 
create4d in L1 PCB and pass the Litz wire through them in order to wind L3 (Figure 4.10). 
The detailed power PSC design for maximum PTE and measurement results are 
discussed in Chapter 3 and Table 4.2. Hence, the mutual effects of each link are discussed 
in this section. 
Figure 4.9:  Receiver data and power coils on a 4 layer FR4 PCB (10 mm by 10 mm) with a 




4.3.1 Linear  Misalignments of Data Coils 
One of the key issues in forward data transmission usi g a multiband wireless link 
is its robustness against misalignments. The misalignment along the X-axis (see Figure 
4.2a) is more important than that long Y-axis as discussed. Figure 4.11a shows the result 
of k14 and k34 variations at D = 10 mm when vertical data coils are misaligned up to 10 
mm along the X-axis. It can be seen that the desired k34 appears well above the undesired 
interference from power PSCs (k14) in perfect alignment (∆X = 0 mm) and k34 > k14 for 
∆X < 2.5 mm. Therefore, the conclusion is that this design can generally withstand 
misalignments of up to 2.5 mm for the 10 × 10 mm2 implant (~25% of the implant size).  
A similar set of experiments were conducted with figure-8 data coils of Section 
4.2.3, and the results in Figure 4.11b show that both k14 and k34 of figure-8 coils are 
stronger than k14 and k34 of the vertical data coils when coils are perfectly aligned. In this 
Figure 4.10:  Setup for direct- and cross-coupling measurements. Inset: the relative position of the 
external power (L1) and vertical data coils (L3) with respect to implantable coils (L2 and L4), which 







design, however, k34 > k14 for ∆X < 8 mm. The conclusion is that this design can 
withstand misalignments of up to 8 mm for the 10 × 10 mm2 implant (~80% of the 
implant size). However, the interference, k14, of figure-8 data coil is also higher than that 




Figure 4.11:  (a) Calculation (see Appendix A), simulation, and measurement of vertical data coils’ 
direct coupling (k34) and cross coupling with power PSCs (k14) vs. misalignment along the X-axis 
(see Figure 4.2a). (b) Simulation and measurement of figure-8 data coils’ k34 and k14 vs. 




4.3.2 Data Coils Rotations (Tilting Issues) 
Due to coils’ proximity, even small rotations affect their coupling coefficients 
considerably. In this section, simulations and measurements of the vertical and figure-8 
data coils’ k34 vs. the rotation angle are shown in Figs. 4.12a and 4.12b based on the 
Cartesian coordinates shown in Figs. 4.2a and 4.4b, respectively. In these measurements, 
L4 is held stationary and L3 is rotated pivotal to X-, Y-, and Z-axes, while the center to 
center spacing between the coils is maintained at D = 10 mm.  
According to Figure 4.12a, rotations along X- and Y-axes actually increase k34 in 
vertical data coils. In figure-8 coils, however, all rotations result in k34 reductions. 
Nevertheless, without considering the changes in k14 it is not possible to draw any 
conclusions on the effects of rotations. k14 was too small to be shown in the same scale as 




Figure 4.12:  (a) Simulation and measurement results of the vertical data coils direct coupling (k34) 
vs. rotation angle of L3 pivotal to the X-, Y-, and Z-axes, while maintaining a center to center 
spacing of D = 10 mm. (b) Similar simulation and measurement results for figure-8 data coils while 




4.3.3 Comparison of Data Coils 
Figs. 4.13a and 4.13b show k34/k14 vs. linear misalignments and rotations, 
respectively. The level at which k34/k14 = 1 is a good measure for indicating how much 
misalignment or rotation can be handled by each coil design.  It can be seen in Figure 
4.13a that when the coils are perfectly aligned, vertical data coils are in a stronger 
position. However, they are affected by X-axis misalignment more rapidly than figure-8 
coils. According to Figure 4.13b, vertical data coils are more robust against rotations 
pivotal to X- and Z-axes compared to figure-8 coils. In larger than 10° rotations pivotal to 
the Y-axis, however, figure-8 coils are stronger. Because this type of rotations affect the 
orthogonal advantage of the vertical data coils and increase their exposure to power PSCs 
magnetic flux (see Figure 4.2a). 
(b) 
Figure 4.12:  (b) Similar simulation and measurement results for figure-8 data coils while 




4.3.4 Power PSC and Data Coils Cross Coupling 
By inspecting Figure 4.1, however, one can see that there are two other possible 
paths for this interference. One is the coupling from L1 onto L2 (the power link) and then 
from L2 onto L4. This can be represented by k12 × k24. The other is from L1 onto L3 and 
then from L3 onto L4 (the forward data link), which can be represented by k13 × k34. 
(b) 
Figure 4.13:  (a) Comparing k34/k14 ratio between vertical and figure-8 data coils vs. linear 
misalignment along the X-axis. (b) Comparing k34/k14 between vertical and figure-8 coils vs. rotations. 




Between these two, it is expected k12 × k24 > k13 × k34 because of the strong coupling 
between L1 and L2 (k12). In order to understand the significance of these undesired 
coupling paths, all three paths v . X-axis misalignment in Figure 4.14 and 4.15 should be 
compared. Fig 4.14 shows that in vertical data coils, even though k12 × k24 and k13 × k34 
are comparable to k14 in perfect alignment (k14 = 3.9×10
-5 vs. k12 × k24 = 1.1×10
-5), they 
remain at about two orders of magnitude below k34. Therefore, these indirect interference 
paths in vertical data coils can be neglected.  
 
Figure 4.15 shows the same comparison for figure-8 data coils. In this case, k13 × 
k34 is very small and can be ignored. However, k14 and k12 × k24 are close at perfect 
alignment (k14 = 0.8×10
-4 vs. k12 × k24 = 4.0×10
-4), and k12 × k24 remains smaller but 
comparable to k14. One possible way of taking advantage of k12 × k24 is to make sure that 
its sign is opposing that of k14. This is possible by proper selection of the direct on of 
windings in L1 and L2. The result would be that in the power carrier interference through 
Figure 4.14:  Calculation (see Appendix A), simulation, and measurement of the effect of 
misalignment along X-axis on indirect coupling paths in vertical data coils (see Figure 4.2a). 
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k12 × k24 would be out of phase with the main source of interfer nce through k14 and 
slightly weakened it. 
 
4.3.5 UWB Antenna 
Figure 4.16a shows the simulation and measurement results for the S11 pattern of 
the planar spiral UWB antenna (A2), stacked on top of the power PSC and figure-8 data 
coils in a 4-layer PCB, shown in Figure 4.4b. These thr e components, which occupy 10 
× 10 × 1.7 mm3 in the current implementation, form the implantable side of the multiband 
wireless link, shown on the right side of the skin in Figure 4.1. The feed point in this 
measurement was in the center of the spiral antenna. The spiral UWB antenna has a 
radiation bandwidth from 2.5 to 5.0 GHz with S11 < -10 dB, which is expected to be 
sufficient for transmitting tens of Mbps of recorded data across a short distance (10 mm) 
using IR-UWB technique [124]. Figure 4.16a also shows the S11 pattern when the vertical 
data coil is added to Figure 4.4b combination, as seen in Figure 4.2b. The vertical data 
Figure 4.15:  D = 10 mm. Effect of misalignment along X-axis on indirect coupling paths in figure-
8 data coils (see Figure 4.4b).  
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coil affected the frequency response of the antenna, a d the 2.5 - 5 GHz window was no 
longer available. Therefore, the spiral UWB antenna design needs to be modified if it is 
intended to be used with vertical data coils. It should be noted that at high frequencies, 
electromagnetic power absorption in the tissue can increase the antenna losses . The 
multiband module with commercial UWB antenna, as shown in Figure 4.9, is also 
measured, and the result is shown in Figure 4.16b. It can be seen that although this 
module has larger size (20 × 12 × 1.7 mm3), the bandwidth of UWB antenna is 3.1-10.8 
GHz, which meets the standard UWB specification. However, these measurements are in 
the air environment. For the IMD, one should consider evaluating such antenna designs 
in saline and other tissue stimulants [125]. 
 
Another measurement of the multiband module as shown in Figure 4.9 is based on 
the commercial chip antennas (3100AT51A7200E, Johanson Tech. Inc., Camarillo, CA), 
which has band width from 3.1 to 10.3 GHz, and the measurement results for with and 
Figure 4.16:  (a)Simulation and measurement of S11, with and without the vertical data coil, for 
the UWB spiral antenna that is implemented on the same PCB as L2 and figure-8 L4, as shown in 
Figure 4.4b.  
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without coils are shown in Figure 4.17. From Figure 4.17, the PCB coils do not affect the 
bandwidth of the UWB antenna.  
 
4.4 Conclusions 
This chapter has presented a novel method for the design and optimization of a 
multiband wireless link that has a dedicated carrier s gnal and the coil/antenna pair for 
every major function that is expected from the wireless link across the skin barrier in a 
high performance implantable neuroprosthetic device, such as a visual prosthesis. 
Previously, the optimization of the PSC geometries for efficient power transmission is 
described in Chapter 3. In Chapter 4, a pair of PSCs, optimized in the air at 13.56 MHz, 
is used as the foundation for optimization of two types of coils for forward data 
transmission, vertical coils and figure-8 coils. The characteristic of the two types of the 
data coils have been analyzed in this chapter. 
Considering that the power carrier at the external transmitter can be up to two 
orders of magnitude larger than the data carrier, minimization of the power carrier 
Figure 4.17:  Measurement result of commercial UWB antenna with and without multiband module. 
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interference on the implanted receiver data coil is of utmost importance. Vertical coils 
take advantage of the fact that orthogonal coils, which are symmetrical, ideally have no 
cross coupling. Figure-8 coils, on the other hand, take advantage of their differential 
windings to attenuate the effects of any common mode external electromagnetic field. A 
detailed comparison between the vertical and figure-8 coils revealed that the former leads 
to lower interference when coils are perfectly aligned, while the latter is more robust 
against linear misalignments. With respect to rotati ns, the results are mixed, but vertical 
coils can generally perform better. For invasive BMIs, since the movement of the 
modules would be very small, the vertical data coilis a suitable choice. On the other hand, 
the retinal implant usually has external module outside of the body, for example, the 
external circuit module can be design on the frame of a glass. Hence, the figure-8 data 
coil would be a better design. 
Most of the calculations, simulations, and measurement results were in close 
agreement within the range of parameters needed for neu oprosthetic applications. One 
major deviation from practical conditions, however, was air as the surrounding medium 
around the coils, as opposed to neural tissue. Therefor , the optimal number of turns and 
size of the coils are expected to be reduced, particularly for external coils, as shown for 
power PSCs in [5]. On the other hand, since the permeability of tissue is close to that of 
the air, the difference between k in air and tissue will be small. The same design criteria 
that are proposed here will be applicable in the tissue. 
The coil design for implantable device is introduced in Chapter 3 and 4. In latter 
chapters, the topic will move to long term wireless power and data communication for 




5. THE ENERCAGE SYSTEM DESIGN 
Bioinstruments used for long-term biological data acquisition, stimulation, and 
drug delivery on awake freely behaving small animal subjects usually involve cables to 
provide power and data [126]. However, most physiologists, particularly those who 
record large volumes of data from the central nervous system through multiple parallel 
channels, conduct their n vivo experiments with behaving animals that are tethered to 
large electrophysiology instruments without taking advantage of numerous benefits of the 
wireless data acquisition systems [13], [15]. 
In this chapter, the development of the Enercage system, a novel wireless-data 
acquisition system composed of a stationary base and a mobile unit (headstage) is 
introduced. The system can track the location of a small animal by threshold of the 
magnetic field produced by the headstage. Furthermore, EnerCage provides wireless 
power for on-board electronics of the mobile unit, which is the bionistruments. The 
EnerCage system has three main features: 
1. A modular overlapping hexagonal-planar spiral coi (hex-PSC) array: inductive 
power and data transmission take place through a scalable array of PSCs that are 
implemented on a printed circuit board (PCB). This array can conform to an arbitrarily 
shaped experimental field, and the PSC geometries ae optimized to maximize the power 
transfer efficiency (PTE) in response to misalignmets. In other words, the transmitter 
(Tx) PSC array allows the receiver (Rx) coil to move from one PSC to another with 
minimal variations in the PTE. 
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2. Non-line-of-sight three-dimensional (3D) magnetic tracking: an array of three-
axis magnetic sensors has been layered under the PSCs to track the 3D position and the 
orientation of a small magnetic tracer embedded in the headstage [30]. A smart algorithm 
running on the external controller, a central personal computer (PC) station, selects and 
activates the PSCs that are in the best position to deliver power to the Rx coil. The 
magnetic 3D tracking can operate in both open and covered spaces, such as tunnels, 
which might be a more natural environment for burrowing animals. 
3. Closed-loop power control: the EnerCage power car ier is set at a carrier 
frequency, fc, of 13.56 MHz to comply with the industrial, scientific, and medical (ISM) 
band [60]. The power-control mechanism uses commercially available off-the-shelf 
(COTS) high-frequency radio frequency identification (HF-RFID) chips to close the 
inductive power delivery/load shift keying (LSK) back telemetry loop [36]. The system 
can actively compensate for variations in the coils’ coupling resulting from 
misalignments, tilting, or distance variations in real time to ensure a smooth power 
transfer to the headstage or implant. 
A rendering of the proposed EnerCage system is shown in Figure 5.1. A wireless 
mobile unit, which is a headstage carrying the Rx coil, is inductively powered by an array 
of overlapping hex-PSCs that tile the floor of the experimental arena. The control 
circuitry has been implemented on modules that are mounted vertically under the PSC 
array to form the stationary unit. An array of three-axis magnetic sensor modules (red 
dots), evenly distributed under the hex-PSC array, locates a small permanent magnet 
embedded in the center of the Rx coil. The proof-of-concept prototype EnerCage system 
described in this paper includes five PSCs and five sensors, providing a 305 cm2 active 
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experimental arena. A simple threshold-based algorithm has been used for magnetic 
localization [21] in this area. The size of the PSCs was optimized for use with a wireless 
integrated neural recording (WINeR) system-on-a-chip [127] with a funnel-shaped 
headstage for 32 movable tetrodes [105]. A simple thr shold-based algorithm has been 
used for magnetic localization in lieu of the precision 3D tracking in [21]. 
The following section provides more details on the EnerCage system architecture 
and key features, such as the design of the PSC array, the closed-loop power control, and 
the magnetic sensor tracking mechanism. Measurement results of the system functions 
are included in Section 5.3, followed by concluding remarks. 
 
Figure 5.1:  A rendering of the EnerCage system with its modular architecture. An array of 
overlapping hex-PSCs, and a closed-loop power controller provides the mobile unit (animal’s 
headstage) with constant power. An array of three-axial magnetic sensors (red dots) tracks the 
animal in real time. 
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5.1 The EnerCage System Architecture 
The block diagram of the EnerCage system is shown in Figure 5.2a. Each hex-PSC 
is driven by a class-C power amplifier (PA) with 68% efficiency, which in turn is 
controlled by a HF-RFID reader chip (TRF7960, Texas Instruments, Dallas, TX). Every 
three PSCs and their associated RFID readers were controlled by a local microcontroller 
(MCU) (MSP430, Texas Instruments, Dallas, TX). The power amplifiers, RFID chips, 
and MCU are all implemented on a single control module, as shown in Figure 5.2b. This 
module is connected vertically to the hex-PSC array to minimize the electromagnetic 
interference. Each PSC normally creates a vertical m gnetic field above its surface. 
However, when the Rx coil is tilted > 60º, the vertical field cannot sufficiently energize it. 
Hence, 2:1 multiplexers (MUX) are included in the control module to feed a pair of out-
of-phase input signals at 13.56 MHz to the RFID readers to handle this situation. When 
two adjacent PSCs are simultaneously activated withou -of-phase signals, they create a 
horizontal field between them to power up the tilted headstage [23]. 
 
(a) 
Figure 5.2:  (a) Block diagram of the control electronics for every unit tile of the preliminary 




In addition to delivering control signals, the local MCU is responsible for collecting 
the magnetic sensors’ data for 3D tracking and the back-telemetry data (from the RFID 
readers) for closed-loop power control. Several local MCUs delivere the collected data to 
a central MCU (MSP430), which fuses all the data and relays it back to a central PC 
station via universal serial bus (USB) interface. The supply voltage for all class-C PAs on 
the controller modules is provided by a closed-loop p wer control block, which is also 
controlled by the central MCU [21]. 
5.1.1 PSC Design and Optimization 
For the four-layer rectangular PSC module, the hex-PSCs for inductive power 
transmission are stacked in three layers (layer 1 to layer 3), and a fourth layer (layer 4) is 
used for interconnects between the hex-PSCs and their vertical controller modules, as 
shown in Figure 5.3a [27]. In the proof-of-concept prototype, two 2-layer (1.6 mm-thick) 
FR4 PCBs with 1-oz (35 µm-thick) copper are used to create the 4-layer structu e, as 
shown in Figure 5.3b. The spacing of these two PCBs is 1.7 mm. Typically, conventional 
coil design for inductive power transmission is configured for the best-case scenario, in 
which an individual Tx coil is in perfect alignment with the Rx coil [4]-[7]. However, in 
this work, the hex-PSC array geometry is optimized to minimize coupling variations as 
(b) 
Figure 5.2:  system. (b) PCB layout of the EnerCage control module for three independent PSCs. 
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the Rx coil moved into and out of the worst-case ovrlapping and misalignment scenarios 
to provide a smooth power distribution to the headst ge. In the worst case of overlapping, 
the black PSC1 in Figure 5.3a, (a layer 2 coil) is overlapped by six PSCs (1_1 to 1_6 in 
layer 1 and layer 3) and surrounded by six other PSCs (1_7 to 1_12 in layer 2). In this 
scenario, the largest parasitic capacitance and resistance is observed, resulting in the 
lowest quality (Q) factor and PTE between the PSC and the Rx coil [23]. The detailed 
issues (parasistic capacitance, parasistic resistance d mutual inductance) of this PSC 
layout will be presented in Chapter 6. The Rx coil is a wire-wound coil (WWC) [33], 
embedded in the headstage plastic molding for mechani al stability [38], and coil models 
were presented in [37]. The maximum lateral misalignment, γmax, of the Rx coil happens 
at 1/√3 of the PSC radius (ro1) at a nominal coupling distance, D = 78 mm, a distance 
selected based on the nominal height of mature Long-Evans rats [127], [128]. 
Based on the conditions of coil coupling, the iterative design procedure introduced 
in Chapter 3 is used to maximize the PTE for the worst overlapping and lateral 
misalignments of the hex-PSCs. The PSC array architecture has been discussed here, but 
the detailed geometrical design of the optimal hex-PSCs will be described in Chapter 6 
[23]. Following the theoretical design optimization, the HFSS field solver (Ansoft, 
Pittsburgh, PA) is used to verify and fine tune the PSC geometries, which are 
summarized in Table 6.1. The resulting PTE in the set of worst case conditions is 19.6%, 
which is quite appropriate for this application. The difference between measurement and 
simulation results is in part due to layer 4 metal p tterns, which are approximated in the 
HFSS simulation model with parallel strips with the same coverage (48%) as the PCB 




Once the optimal overlapping hex-PSC geometry is in place, it is fitted in the 
design of a PSC unit tile, (which comprises the floor f the experimental arena) while 
satisfying the constraints of the PSC manufacturing process. The layouts of the two 2-
layer PCBs, shown in Figs. 6.3c and 6.3d, that are designed based on the specifications in 
Table 6.1. Each unit tile in this design includes five complete PSCs (two in layer 1, two 
in layer 2, and one in layer 3) enclosed by the dashed rectangle in Figure 5.3a, and 18 
incomplete PSCs, which could form seven additional PSCs when attaches to an adjacent 
unit tile. Therefore, each tile has a total of 12 PSC driver coils, three for each of the four 
controller modules shown in Figure 5.2. Figure 5.3a also shows the layout of 23 
overlapping hex-PSCs when completed by joining several adjacent tiles. This figure 
clearly shows how the EnerCage modular architecture can be scaled to support any 
arbitrarily-sized experimental arena. Each module also has 12 three-axis magnetic 
sensors, represented by the red dots within the unit tiles in Figure 5.1 and Figure 5.3a. 






Shape Hexagonal PSC Wire-wound 
Outer diameter, do (mm) 168 40 
Edge length (mm) 84 20 (Radius) 
Number of turns 2 2 
Copper trace cross section 35 µm × 10 mm rwire = 0.3 mm 
Copper trace spaicng (mm) 3 ~0.2 
Coil inductance (µH) 0.88 0.38 
Weight of copper (g) 3.6 0.7 
Coil quality factor, Q 107 138 
Nominal coupling distance, D (mm) 78 
Max*/Min * * magnetic field strength when 1 W 
is delivered to PSC (A/m) 
0.36 / 0.23 
Max/Min  coupling coefficient, k 0.022 / 0.018 
Calculated Max/Min PTE (%) 43.1 / 28.8 
Simulated Max/Min PTE (%) 38.3 / 24.6 
Measured Max/Min PTE (%) 31.6 / 19.6 





(c)                                                       (d) 
Figure 5.3:  (a) The worst-case overlapping hexagonal PSC occurred to the black PSC1 in layer-2, 
which was surrounded by six PSCs in the same layer and overlapped by six other PSCs in layer-1 
and layer-3. The worst-case lateral misalignment occurred at γmax = ro1/√3, which was indicated by 
a yellow dot. Each stationary unit tile (identified by a dashed-line) had 12 drivers and 12 magnetic 
sensors. (b) Cross section of the two two-layer PCBs forming the three overlapping hex-PSC 
layers plus an additional layer for interconnects. (c) PCB1 layout design for the unit tile of 
EnerCage (30.8 × 28.3 cm2) that provided layer 1 (red) and layer 2 (green). (d) PCB2 layout for 




5.1.2 Closed-loop Power Control Unit 
The schematic diagram of the circuitry on the proof- f-concept mobile unit 
(headstage) and the global closed-loop power control unit (CLPC) [120] are shown 
Figure 5.4. The RFID reader, which serves as the power/data transmitter and receiver, 
drives a class-C PA, which is impedance matched to bo h the RFID output and the LC-
tank. The mobile unit consists of a rectifier, a storage super capacitor, (Cs), a 3.0 V 
regulator, an LSK modulator (M2), and an MCU (MSP430). The 13.56 MHz carrier is 
rectified by a full-wave rectifier, divided, (0.458 × Vrec) and compared with an internal 
MCU reference voltage, Vref = 1.5 V. If Vrec > 3.3 V, the LSK periodically shorts the Rx 
coil by closing M2 at 700 Hz. These short pulses (20 µs wide) indicate that the received 
power is more than enough, and the Tx output power should be reduced. On the other 
hand, if Vrec < 3.3 V, no pulses are sent, indicating that the transmitter should increase 
power supplied in incremental steps. Each active RFID reader detects the back-telemetry 
data and sends it to the central PC station via the local and central MCUs. 
The CLPC unit adjusts the Tx output power by providing a variable DC supply, 
Tx_VDD, to all PAs. The CLPC consists of an MCU (MSP430), a digital potentiometer, 
and a DC-DC converter (LT1370) with >85% efficiency, as shown in Figure 5.4. Tx_VDD 
is adjusted by the digital potentiometer (AD5160) from 5 V to 8.5 V in 256 steps. The Tx 
power is increased by default with an adjustable step size, unless the LSK pulses are 
received from the mobile unit, in which case the Txpower is decreased with an 
adjustable step size to maintain Vrec around the designated 3.3 V. This RFID-based CLPC 




5.1.3 Magnetic Sensor Array 
The magnetic tracer in the mobile unit is a small, disk-shaped permanent magnet 
(∅5 mm × 1.5 mm) with residual surface flux density of Brmax = 14,500 Gauss (K&J, 
Jamison, PA). It has a mass of 0.6 g, and its main ax s is aligned with the Rx coil. A 
three-axis anisotropic magnetoresistive (AMR) sensor, HMC1043 (Honeywell, 
Morristown, NJ), is mounted in the center of each hex-PSC to measure variations in the 
DC magnetic field resulting from animal movement. Sensor outputs are conditioned and 
digitized before being read by the local MCU through the serial peripheral interface (SPI) 
 
 
Figure 5.4:  Schematic diagram of the RFID-based closed-loop power control mechanism [120]. 
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and are delivered to the central PC station via the central MCU. The conditioned sensor 
outputs are sampled at 100 Hz, resulting in a 10 ms response time. Figure 5.5a shows the 
magnetic sensors' data flow diagram.  
In the proof-of-concept prototype system, a simple a gorithm calculates the 
magnitude of the flux density at the location of each 3-axis magnetic sensor, |B| = (x2 + y2 
+ z2)0.5. The sensor with the highest |B| is considered to be the closest to the magnetic 
tracer, and if its |B| is above an experimentally determined threshold, Bth, the associated 
hex-PSC is activated. When several sensors have |B| > Bth, the algorithm chooses the one 
with the highest |B|. If all sensors have |B| < Bth, the mobile unit is out of range, (as is the 
case when the rat is standing on its hind limbs, for example), and the most recently 
activated PSC is kept active at the highest power level. In this case, the storage capacitor 
supplies the mobile unit. 
Under the threshold method, the boundaries determind by the sensors for the 
active area of each hex-PSC at 78 mm coupling distance, are shown in Figure 5.5b. This 
method results in a 0.08ro1 error between the sensor and PSC boundaries, as shown in 
Figure 5.5b. The nonlinearity of the magnetic field around the magnetic tracer also causes 
error in this simplified method when choosing which PSC to activate. In practice, the 
maximum error at D = 78 mm is ~1 cm, which indicates he need to implement an 






Figure 5.5:  (a) Data flow diagram for the magnetic sensor array in the EnerCage system. (b) 
Hex-PSC activation boundaries around magnetic sensors, located in the center of each PSC, 
which were depended on their magnetic field thresholds. The center to center spacing between 
hex-PSCs/sensors was 85 mm. 
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5.2 Measurement Results 
The measurement results presented in this section were derived from experiments 
using the proof-of-concept prototype EnerCage system with five controlled PSCs. These 
experiments are meant to evaluate the homogeneity of the magnetic field generated by 
the overlapping hex-PSC array and the system response t  the mobile unit displacements, 
while powering it at a designated power level.  
5.2.1 PSC Array 
In order to demonstrate the homogeneity of the power transfer, four EnerCage unit 
tiles with 32 complete hexagonal PSCs were assembled, as shown in Figure 5.3. Copper 
tape with 88 µm thickness was used to connect hex-PSC traces that spanned adjacent unit 
tiles. In this measurement, a Cartesian-coordinate robotic arm was used to move the Rx 
coil back and forth across the PSC field at a height of D = 70 mm to generate a raster plot 
of the received power. The power was measured across a 500 Ω resistor, directly 
connected to the Rx LC-tank, which was tuned at 13.56 MHz. All PTE measurements 
were then combined with proper horizontal offset to form the overall PTE distribution 
across the PSC array, and variations were found to be within ±24% of the averaged PTE. 
The detailed results are discussed in Chapter 6. Figure 5.6 shows how the received power 
was maintained at 20 mW at D = 70 mm by the CLPC unit [21]. It is worth noting that 
the received power fluctuations in this graph are less than 2 mW. The 20 mW power level 
was chosen in this prototype as a level that was sufficient to power the majority of state-




5.2.2 EnerCage Control Mechanism 
A prototype hex-PSC array, shown in Figure 5.7, with five complete PSCs driven 
by two vertical controller modules, was used to evaluate the functionality of the 
EnerCage CLPC and magnetic tracking mechanisms. Five magnetic sensors were also 
placed under the PSC array in the center of each complete PSC. The Rx coil in the mobile 
unit was embedded in white plastic as part of the headstage shown in Figure 5.2a. Both 
Vrec and Vreg in Figure 5.4 were monitored in open-loop (fixed Tx output power) and 
closed-loop (variable Tx output power) operating conditions. A 500 g saline bag (9 mg/L) 
used to emulate the animal body was placed between the PSC array and the Rx coil, and 
the system performance with and without the bag was compared.  
Figure 5.6:  Received power of the mobile unit with the CLPC in the air. The distance, D, is at 70 
































Figure 5.8 compares the variations in the PA supply vo tage (Tx_VDD in Figure 
5.4) as well as Vrec and Vreg on the mobile unit under open-loop (Figure 5.8a) and closed-
loop (Figure 5.8b) conditions. These conditions are for emulating the animal subject’s 
movements resulting in lateral misalignment. In this experiment, the mobile unit was 
moved in a horizontal plane at a nominal height of D = 78 mm from the center of PSC-3 
to the center of PSC-1, and from there to the center of PSC-2, as shown by the dashed 
line in Figure 5.5b. Since the center to center spacing between hex-PSCs was 85 mm, 
Figure 5.8 shows the voltage variations caused by moving the headstage a total distance 
of 17 cm. In Figure 5.8a, Tx_VDD was fixed at 8.5 V, which provided ~1 W of Tx outpt 
Figure 5.7:  Experimental setup with five hex-PSCs controlled by two driver boards in Figure 
5.2b. The mobile unit with its Rx coil embedded in plastic was held above a saline bag, 
representing the animal body, by a robotic arm. 
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power as well as the power consumed by the controller. The peaks of Vrec, where the Rx 
power is the highest, are obviously at the center of ach PSC, where there is no horizontal 
misalignment. The valleys of Vrec are at the edges of the PSC active areas, shown in 
Figure 5.5b, where the magnetic tracking switches t active PSC (vertical dashed lines). 
In the open-loop measurement, since the Tx is set to constantly operate under the worst-
case scenario, a large percentage of the Rx power was dissipated in the regulator, and the 
overall PTE was quite low. When the saline bag was moved under the mobile unit, Vrec 
dropped slightly by 9.6% because of the reduction in the Q of the active PSCs [5]. 
In Figure 5.8b, the CLPC unit automatically adjusted Tx_VDD for Vrec to be slightly 
higher than Vreg regardless of the Rx coil horizontal misalignment. The peaks and valleys 
of Tx_VDD in Figure 5.8b are the opposite of those of Vrec in Figure 5.8a. While using the 
closed-loop mechanism, considerably less power was tran mitted in order to deliver the 
same amount of power to the mobile unit, leading to higher overall PTE. This is quite 
desirable because higher PTE means less heat dissipat on on both Tx and Rx sides, less 
tissue exposure to the magnetic field, and less temperature elevation in the cage. 
Switching from one PSC to another at the PSC boundaries often creates sharp voltage 
transitions in the CLPC and sensors, which can be avoided by proper filtering and signal 




A measurement of variations in D is performed to emulate the vertical 
displacements of the mobile unit. In Figure 5.9a and Figure 5.9b, D has been increased 
from 7.0 cm to 12.0 cm above PSC-2 under open- and closed-loop conditions, 
respectively. For the open-loop measurement, Tx_VDD is again set to handle the worst-
case condition (D = 12.0 cm), and Vrec was again much higher than needed at shorter 
(b) 
Figure 5.8:  Moving the mobile unit by 17 cm over three hex-PSC in 10 s at a coupling distance of 
D = 78 mm: (a) Open-loop, (b) closed-loop. Vertical dashed lines indicate when the magnetic 




distances, resulting in considerable power dissipation in the CLPC and mobile unit. On 
the other hand, the closed-loop operation adjusted th  Tx power to be just enough to 
achieve the desired Vreg = 3.0 V.  
 
The animal subject may also tilt its head, and thisilt could be combined with a 
lateral misalignment. In the next experiment, the Rx coil was manually rotated above the 
center of PSC-2 in Figure 5.5b at D = 78 mm to emulate the tilting misalignment. The 





Figure 5.9:  Changing the coupling distance, D, at the center of PSC-2 in Figure 5.5b from 7.0 cm to 
12.0 cm in (a) open-loop, and (b) closed-loop conditions. 
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5.10a and Figure 5.10b, respectively. When the tilting angle is > 60°, the mobile unit 
cannot be powered up, because Vreg falls below 3.0 V. As with previous tests, the closed-
loop mechanism keeps Vrec constant in Figure 5.10b despite coupling variations, as 
compared to the open-loop condition in Figure 5.10a. 
 
5.2.3 Compensation of the Rx Coil Movement 
It was shown in Figure 5.10 that one PSC cannot energize the mobile unit when the 





Figure 5.10:  Rotating the mobile unit at D = 78 mm above the center of PSC-2 in Figure 5.5b: (a) 
Open-loop, (b) closed-loop. 
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pair of adjacent PSCs with out-of-phase excitation signals to create a horizontal field 
between them in a way that sufficient flux passes through the Rx coil [22]. Two-PSC out-
of-phase excitation, along with the storage super-capa itor Cs, shown in Figure 5.4, can 
solve the problems caused by sharp tilting misalignme ts as long as they last less than 
~30 s, which is often the case. A similar situation may result from the animal rearing on 
its hind limbs, thereby increasing D beyond the designated 12.0 cm maximum height of 
the mobile unit. More detailed discussion about these conditions can be found in Chapter 
6 [35]. 
5.2.4 Maximum Permissible Exposure to Magnetic Field 
According to the IEEE standard, the maximum permissible exposure (MPE) to 
magnetic fields (H) is 16.3/fc (A/m), where fc is in MHz [59]. Hence, at 13.56 MHz, the 
MPE is 1.2 A/m. Power density in free space can be found from 
10/)cm/mW( 0
22 ZHP ×= ,       (5.1) 
where Z0 = E/H = (µ0/ε0)0.5 is the impedance of free space, or approximately 377 Ω. 
Using (5.1), the equivalent maximum power density at 13.56 MHz would be 54.3 
mW/cm2 [59].  
When the PA delivers 1 W to the active PSC on the Tx side, the level of magnetic 
field exposure at the center of the PSC passes the MPE level at a height of 3.2 cm above 
the surface, according to HFSS simulation results. Since the EnerCage system operates at 
a relatively low frequency via near-field interaction between the active Tx PSC and the 
Rx coil, the area in which the magnetic field strength is above the MPE level is confined 
to a small space above the active PSC with a peak at the 3.2 cm distance, as shown in 
Figure 5.11. Therefore, using the EnerCage system in the lab is unlikely to impose any 
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risk of exposure to the researchers. However, at least part of the animal body, particularly 
the legs, will be inevitably located within this space. At this time, it is not clear whether 
this condition will have any impact on the results of the electrophysiology experiments. 
 
5.3 Conclusions 
The Enercage system is a smart experimental arena for long-term electrophysiology 
experiments. This system consists of a scalable array of overlapping hexagonal PSCs, 
arranged in such a way that they can cover any arbitr ily shaped experimental field. The 
EnerCage system allows researchers to create a natural environment for freely behaving 
small animal subjects for an unlimited amount of time. Three key features of the 
EnerCage system are: 1. Inductive powering through a scalable array of modular 
overlapping PSCs that are activated one or two at a time. Each individual hex-PSC has 
Figure 5.11:  The simulated maximum permissible exposure (MPE) boundary of four PSC arrays 
operating at 13.56 MHz with 1W input power. The highest coupling distance that meets MPE is 
3.2 cm at the center of each PSC. 
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been optimized to account for parasitics caused by overlapping and adjacent PSCs, based 
on worst-case misalignment conditions, to achieve a smooth coupling distribution across 
the arena. 2. Accurate non-line-of-sight 3D tracking of a mobile unit attached to or 
implanted in the animal body via an array of magnetic sensors. 3. Closed-loop power 
control, which significantly improves the overall PTE and limits heat dissipation and 
exposure to the magnetic field. 
In this chapter, the EnerCage system design provides th  initial concept for the 
long-term animal experiment. One of the key points of this system is the PSC array 
design, which affects the homogeneity of the PTE distribution. In the next chapter, this 
issue is addressed and the new models and optimizaton procedure for of the optimal PSC 






6. OPTIMIZATION FOR OVERLAPPING PLANAR SPRIAL COIL 
ARRAY 
The content of this chapter includes a geometrical design procedure and a modular 
architecture for a PSC array that can create a homogenous magnetic field across any large 
planar surface with an arbitrary size for efficient wireless power transmission to either 
stationary or mobile targets. In the design example for EnerCage, shown in Figure 6.1, a 
3-layer modular array of hexagonal overlapping PSCs tile  an arbitrary-sized wireless 
powering arena to couple onto a circular wire-wound Rx coil that is embedded in the 
headstage of an awake freely behaving rat to indefiit ly power a wireless neural 
recording system that was described in [127]. Parasitic effects of the overlapping PSCs 
and their impedance matching to the driving power amplifier are key aspects of a design 
that can maximize the power delivered to the Rx coil in the worst-case conditions.  
 
Figure 6.1:  Top view rendering of an overlapping planar hexagonal PSC array to generate a 
homogeneous magnetic field for wireless power transmission to freely behaving animals . 
 
 87
In addition to the overlapping PSC, the EnerCage system is equipped with an array 
of 3-axial magnetic sensor modules (yellow dots at the center of each PSC in Figure1), 
which can track in real time the 3-D position and orientation of a small magnetic tracer 
embedded in the headstage [18]. The power carrier fequency, fc, is fixed at 13.56 MHz in 
compliance with the industrial scientific medical (ISM) band [60]. In the next section, the 
basic theoretical PSC equations and design procedure will be reviewed, and the detailed 
equations can be referred to Chapter 3. Section 6.2 presents the measurement and 
analysis of the results of the coupling efficiency, followed by the concluding remarks. 
6.1 Coil Design and Optimization 
A key aspect of the optimization procedure is that ins ead of maximizing the PTE 
when the Tx and Rx coils are perfectly aligned, i.e. in the best-case scenario, the designer 
should try to maximize the PTE in the worst-case conditions when the Tx PSC has the 
lowest quality factor, Q, and the Rx coil is at maximum lateral misalignment. This will 
minimize the coupling variations and create a space with smooth coupling and 
homogeneous PTE distribution. 
6.1.1 Unit tile Module for the Array of Overlapping PSCs 
A number of factors should be considered in the design of the primary PSC array 
such as min-PTE with respect to the Rx coil misalignments, coil Q-factors, power carrier 
frequency (fc = 13.56 MHz), manufacturability, and cost. The PSCs has to be designed 
for batch-fabrication in the form of modular units of multilayer PCB that tile the 
experimental arena, as shown in Figure 6.1. Size limitations in the commercially 
available PCB fabrication processes define the maxium size of the unit tiles (modules), 
which should be repeated to cover a designated area at the bottom of a charging mat, an 
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animal cage, or a maze. Hence, densely packed hexagonal PSC (hex-PSC) design has 
been adopted because of its superior area coverage over its square-shaped counterpart 
[107]. Moreover, the hex-PSC, shown in Figure 6.2, needs only three conductive layers 
as opposed to four layers needed in the square-shaped PSCs for the same level of 
coverage. The fourth layer can then be used for inte connects between the hex-PSCs and 
their driving circuits. When the Rx coil is laterally misaligned beyond a maximum level, 
γmax, the active PSC turns off, and one of the overlapping PSCs that has a better coupling 
with the Rx coil will be activated. 
 
Figure 6.2:  Overlapping hex-PSCs in (a) layer 1, (b) layer 2, and (c) layer 3, which create a (d) 
rectangular unit tile (module) when all three layers are properly aligned. (e) Implementation of 
the 30.8 × 28.3 cm2 hex-PSC module on two 2-layer PCBs, made of 1-oz copper on 1.6 mm FR4 
substrate, based on the optimal geometries given inTable II. (f) Cross section of the 2-layer PCBs 
forming the three overlapping PSC layers plus an aditional layer for electronic components and 
interconnects. (g) A different view of the overlapping PSCs, which is color-coded to better 
demonstrate the relative positions of the PSCs in each layer. Every hex-PSC in this design, such 
as the gray one in the center, has been surrounded by six PSCs in the same layer (green-2) and 
overlapped by six other PSCs in the other two layers (red-1 and blue-3). Worst-case horizontal 
misalignment in this configuration occurs at γmax = r/√3, which is indicated by a yellow dot. 





The EnerCage unit tile has been designed for PCB manufacturing, which is often 
rectangular shaped. Figs. 6.2a (layer 1), 2b (layer 2), and 2c (layer 3) show how three 
hex-PSC layers are overlapped and carefully aligned to create a repeatable pattern for a 
rectangular module, shown in Figure 6.2d, which canover any arbitrary arena. In the 
proof-of-concept module, shown in Figs. 6.2e and 6.2f, the hex-PSC patterns are 
fabricated on two 2-layer PCBs made of FR4 substrate with 1-oz copper (FR4 dielectric 
thickness: ts = 1.6 mm, copper thickness: t0 = 35 µm). The 2-layer PCBs were stacked 
with 1.7 mm spacing, tair, (close to the thickness of each PCB substrate) to construct the 
unit tile. Therefore, as shown in Figure 6.2f, the di lectric material under layers 1 and 3 is 
FR4, while the one under layer-2 is the air.  
Figure 6.2g depicts the relative positions of the ov rlapping hex-PSCs in different 
layers. Every hex-PSC in this design, e.g. the central gray PSC in layer 2 (L1), has 
overlapping with six other PSCs (L1_1 to L1_3 in layer 1 and L1_4 to L1_6 in layer 3), 
and surrounded by six other PSCs (L1_7 to L1_12) in the same layer. This pattern 
ensures the continuity and strength of the magnetic field regardless of the horizontal 
position of the Rx coil by limiting the horizontal misalignment in any direction to 1/√3 = 
0.577 of the hex-PSC radius (the yellow dot in Figure 6.2g). 
6.1.2 Modeling of the Primary PSC Array 
Modeling of an individual PSC in terms of self-inductance, parasitic capacitance, 
and parasitic resistance has been covered in Chapter 3 [4]-[7]. The model for the primary 
PSC array is different from the individual PSC, because each primary PSC is surrounded 
and overlapped by other PSCs. The driver circuitry should be designed such that when it 
activates the PSC closest to the Rx coil, all other PSCs are open circuit. Although the 
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opened hex-PSCs do not load the resonance circuit the way a coupled closed conductive 
loop does, the parasitic mutual inductance, capacitan e, and resistance between the metal 
paths of the neighboring hex-PSCs affect the Q of the activated hex-PSC. Furthermore, 
different overlapping hex-PSC layers experience different parasitic effects because of 
their particular 3D arrangement, shown in Figure 6.2f. The optimal design of the PSC 
array should maximize the PTE in the worst-case conditi s. 
Figure 6.2g shows the worst-case condition for an active hex-PSC, which is on 
layer-2, sandwiched between six PSCs in layer-1 (L1_1 to L1_3) and layer-3 (L1_4 to L1_6), 
and surrounded by six adjacent PSCs in layer-2 (L1_7 to L1_12). The equivalent circuit 
model for this PSC, including key parasitic effects, is shown in Figure 6.3. Li and RSi are 
the inductance and series parasitic resistance of each hex-PSC, respectively, and CPi and 
RPi are the parallel parasitic capacitance and resistance (due to dielectric material 
leakage) between metal traces within each PSC, respectively. CS1 is used for the resonant 
carrier frequency. Even though every two hex-PSCs on the array have some mutual 
coupling, for the sake of simplicity, the model is only considered for mutual couplings in 
two conditions: (1) overlapping hex-PSC pairs and (2) adjacent hex-PSC pairs, shown in 
Figs 6.4a and 6.4b, respectively. In Figure 6.3 equivalent circuit, the interactions between 
every hex-PSC pair that fit in one of these conditions with the central hex-PSC in Figure 
6.2g has been expressed in terms of mutual inductance (Mi,i_j), mutual capacitance 
(CMi,i_j), and mutual resistance, (RMi,i_j). The mutual effects of the non-adjacent or 
overlapping PSCs such as L1_1 and L1_10 in Figure 6.2g can be neglected because both 
direct and indirect couplings for these PSCs are vey small compared to the others [102]. 
All hex-PSC mutual inductances were calculated from (1) and (2) by considering the 
 
 91
PSC pairs’ lateral misalignments, γi_j, in each of the two conditions in Figure 6.4, and the 
vertical separation between every two layers in Figure 6.2f. Using the spacing between 
every two adjacent metal traces, Sadj, and the hex-PSC radius, ro1 = do1/2, the mutual 
inductance of the overlapping PSC pairs in Figure 4a (Mov) and adjacent PSC pairs in 
Figure 6.4b (Madj) can be found by substituting γov = ro1 + Sadj/ 3  and γadj = 32 ro1 + Sadj 
in (2), respectively. 
 
 
(a)                                                                   (b) 
Figure 6.4:  Two types of mutual interference betwen hex-PSCs: (a) overlapping hex-PSCs in 
different layers, (b) adjacent hex-PSCs in the same layer. 
Figure 6.3:  Equivalent circuit model of each hex-PSC in the primary coil array, including key 
mutual couplings and parasitic components.  
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The mutual capacitance between overlapping PSC pairs c n be found from parallel 







εε= ,     (6.1) 
where ε0 is the vacuum permittivity, ts is the separation between two layers, Aov is the 
PSC overlapping area, and εr_eff is the effective dielectric constant between the two 
conductive plates [112]. The mutual resistance betwe n overlapping PSC pairs, Rov, 
originates from the dielectric loss, which in turn relates to Cov and the loss tangent, tan(δ), 
of the conducting and insulating materials [85]. Cadj and Radj, the mutual capacitance and 
resistance between adjacent hex-PSC pairs, are calculated using models proposed in [85] 
and [109], with the hex-PSC side length of ro1 and spacing of Sadj. The complete hex-PSC 
model in Figure 6.3, including parasitic effects, leads to three 13 × 13 matrixes for M, 
CM, and RM, the details of which have been presented and calculated in the Appendix B. 
These effects can be used for the coil model. 
It should be noted that the eddy current induced within overlapping hex-PSCs, 
adjacent hex-PSCs, and the overlapping circuitry on layer-4 is not been considered in this 
model. For the overlapping PSC array, the arrangement of the direct and indirect 
coupling metal traces from the same layer (layer-2) and different layers (layer-1 and -3) is 
very complicated, so eddy current effects were omitted for the sake of simplicity. 
Furthermore, the circuitry pattern of layer-4, which includes sensor circuits, power 
amplifiers, control circuits, power lines and the connectors, is difficult to be standardized 
in the calculation model. In order to have an accurate optimal geometry, a commercial 
electromagnetic field solver, which includes the eddy current effect, overlapping 
connection traces, will be involved in the design procedure. 
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6.1.3 Design Considerations for the Rx Coil 
In the wireless powering design example, EnerCage, the Rx coil is a wire-wound 
circular (WWC) type, mounted on the animal headstage [70], [127]. Both diameter (do2) 
and weight (Wmax) of the Rx coil are limited in this application and should also be 


















,     (6.2) 
where ρ is the density of the conducting material (ρ = 8.96 g/cm3 for copper), rwire is the 
wire radius, n2 is the number of turns, and do2 is the Rx coil outer diameter. The weight of 
the insulating material around the wire strand is ignored. do2 = 40 mm is considered from 
[105] and limited Wmax to 0.7 g. Moreover, the Rx coil was embedded in a plastic 
molding material, Smooth-Cast 300 (Smooth-On, Easton, PA), as part of the headstage 
for mechanical stability, but this material lowered the Q of the Rx coil by 15% compared 
to air. 
6.1.4 Design Considerations for the EnerCage System 
The coupling distance between the overlapping hex-PSC array, which constitute the 
primary coil, and the secondary Rx coil was considere  D = 78 mm on average based on 
the nominal height of mature Long-Evans rats [105], [128]. This distance should be 
changed if the cage is to be used for species with significantly different sizes, such as 
mice, or for other applications. The carrier frequency was chosen fc = 13.56 MHz in the 
ISM-band to comply with the HF-RFID standard and achieve high Q from the coils, 
leading to higher PTE [7]. Moreover, higher fc results in lower number of turns in the hex-
PSCs, which in turn simplifies the geometrical design and modular assembly of the hex-
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PSC array [129].  
Table 6.1 summarizes the design constrains due to applic tion and fabrication 
process that were considered in our example. The optimization procedure should consider 
not only the worst-case in regards to the hex-PSC model (see section II.B) but also the 
worst-case Tx-Rx coupling due to the lateral misalignment, which is γmax = (ro1 + Sadj/ 3
)/ 3 ≈ 0.58ro1 according to the overlapping hex-PSC pattern in Figure 2g. When γmax > 
0.58ro1, the EnerCage control system switches the active PSC to one of the overlapping 
PSCs (L1_1 to L1_6) that is in the best position to resume powering the Rx coil (i.e. L1_1 or 
L1_4 in this case). The goal is to minimize the coupling variations as the animal subject, 
with the Rx coil on its head or in its body, moves across the hex-PSC array. It should be 
noted that to avoid further complexity, angular misalignments were not considered in this 
optimization, but simulated, measured, and remedied in Sections 6.3. 
 
The model for the overlapping active PSCs with parasitic effects, which was 
described in Section 6.2.2, was used for the primary coil, and the mutual coupling was 
simplified to only two coils, i.e. between the active PSC and the Rx coil. In other words, 
Table 6.1. DESIGN CONSTRAINS DUE TO APPLICATION AND FABRICATION PROCESS 
Parameter Symbol Design Value 
Rx coil outer diameter (max) do2 40 mm 
Maximum weight of the Rx coil Wmax 0.7 g 
Coils’ relative distance (nominal) D 78 mm 
Power carrier frequency f 13.56 MHz 
Rx coil nominal loading RL 500 Ω 
Lateral misalignment (max) γmax (ro1+ Sadj/ 3 )/ 3  
PSC conductor thickness (Tx) tc 35 µm*  
Conducting material properties (Cu) ρ, µr ~17 nΩm, ~1 
Spacing between peak-to-peak PSCs Sadj 4 mm 
PCB substrate thickness (FR4) ts 1.6 mm
*  
Separation between two PCBs tair 1.7 mm 
Substrate dielectric constant (FR4) εrs 4.4 
Substrate dielectric loss tangent (FR4) tan(δ) 0.02 
Plastic mold dielectric constant (Rx) εrp 3.2 
*1 oz copper on 2-layer FR4 printed circuit board.  
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the mutual coupling between the open-circuit PSCs and the Rx coil were ignored. The 
iterative design procedure in [5] was adopted to maxi ize the worst-case PTE, starting 
from the design constraints in Table 6.1 as the initial conditions, and ending with the 
optimal coil geometries. Although this equivalent circuit model gives the user quick 
design guide to save the design schedule, some of the parasitic effects are not included as 
discussed. Hence, a field solver, HFSS (Ansoft, Pitsburgh, PA), was then used to in the 
design procedure to verify and fine tune the values suggested by the theoretical models. 
The simulation model includes the all possible eddy current effects from the overlapping 
PSCs of layer 1 to 3 and adjacent PSCs of layer 2. However, the real pattern of layer 4 
includes driving circuitries, sensor modules, central control units, and the connections 
[20], [21], which are not easy to be justified in the model. Hence, layer 4 metal plane is 
simulated using parallel conductive (copper) strips, 19.2 mm in width and 20.8 mm in 
spacing, covering 48% of the total tile area. This is the same percent coverage as the 
layer-4 circuitry in the actual fabricated PCB [21]. Table 6.2 summarizes the geometries 
of the resulting coils with 500 Ω Rx coil loading and γmax = 49.1 mm. With these 
dimensions, the hex-PSC module, shown in Figure 2, was sized 30.8 × 28.3 cm2, and 
implemented on a pair of carefully spaced 2-layer 1.6 mm-thick FR4 PCBs. The Rx coil, 
optimal wire radius, rwire = 0.33 mm, lead to the choice of the closest standard magnet 




6.2 Measurement Results 
In order to measure the 3D distribution of the PTE across the hex-PSC array, four 
hex-PSC modules in Figure 2e were joint together (2×2) by soldering the edges of the 
PSCs with an overlaying layer of copper tape (thickness = 88 µm) to cover a 61.6 × 56.6 
cm2 area, as shown in Figure 5a. Excluding the incomplete hex-PSCs across the edges, 
this arrangement results in an array with 32 complete overlapping hex-PSCs that can 
energize a 2003.7 cm2 experimental arena.  
Figure 6.5b shows the block diagram of the measurement setup. A Cartesian 
robotic system (Velmex, Bloomfield, NY), controlled by a PC, was responsible for 
moving the Rx module in the 3D space above the hex-PSC array. The Rx module is 
connected to a 500 Ω load. A digital oscilloscope (MSO4034B, Tektronix, Beaverton, 
OR) measured the peak-to-peak voltage across the LC-tank and delivered the results to 
the PC to calculate the received power. The PSC array was driven by custom made 
control modules that included a microcontroller (MCU), RFID reader, and power 






Shape Hexagonal PSC Wire-wound 
Outer diameter (mm) 168 40 
Edge length (mm) 84 20 (Radius) 
Number of turns 2 2 
Metal trace cross section 35 µm × 10 mm rwire = 0.32 mm 
Metal trace spaicng (mm) 3 ~0.2 
PSC inductance (µH) 0.88 0.38 
Weight of copper (g) 3.6 0.7 
Quality factor with/without layer-4 122 / 107 138 
Max/Ave/Min simulated coupling coefficient (k)* 0.022/0.021/0.018**  
Max/Ave/Min calculated PTE (%) 43.1/38.5/28.8 
Max/Ave/Min simulated PTE without layer-4 (%) 41.2/35.6/27.0 
Max/Ave/Min simulated PTE with layer-4 (%) 38.3/33.9/24.6 
Max/Ave/Min measured PTE (%) 31.6/27.5/19.6 
*Coupling distance, D = 78 mm 
** Maximum misalignment for the worst-case PTE: γmax = 49.1 mm 
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amplifiers (PA). The details of the control modules have been described in Chapter 5. In 
one set of experiments, the Rx-module also included a back telemetry switch that could 
establish a closed-loop power control (CLPC) mechanism, as in [120]. 
 
6.2.1 Hex-PSC and Rx Coil Quality Factors 
Figure 6.6 compares the calculation, simulation (with and without layer 4), and 
measurement results for worst-case QT of the overlapping and non-overlapping (i.e. 
individual) hex-PSCs on the Tx side. It can be seen that the optimization procedure in 
section II has maximized the QT of the hex-PSC slightly below the power carrier 
frequency of 13.56 MHz. This is because the PTE depends on QT, QR, and k, a 
combination of which needs to be maximized at fc = 13.56 MHz. The 12 mutual coupling 
PSCs, shown in Figure 6.2g, have resulted in 33.7% reduction in QT from 184 to 122 (in 
simulation) compared to an individual hex-PSC with the same geometry. Although the 
simulation model with layer-4 includes the same coverage ratio as the fabricated circuit 
layout, the specific layout patterns include additional undesired parasitic effects, such as 
the eddy currents that further decrease QT, which have not been accounted for in the 
(a)                                                                                  (b) 
Figure 6.5:  (a) Measurement setup made up of 4 hex-PSC unit tiles of Figure 6.2e, a robotic arm 
to sweep the Rx module in 3D space, driver circuits, a digital scope, and a PC with LabVIEW. 
(b) Block diagram of the measurement setup. 
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model. Hence, the measured QT = 83.2 for the overlapping hex-PSCs are lower than both 
simulation and calculation results. 
 
In order to better understand the effects of layer 4 metal plane, several metal strips 
that were 19.2 mm wide and changed the spacing between them to sweep the coverage 
ratio from 0% to 100% is used for simulation. Simulation results for QT of the 
overlapping hex-PSCs in different layers at 13.56 MHz vs. coverage ratios in Figure 6.7 
show that when the coverage ratio increases, QT of the hex-PSCs drops because of the 
increased parasitic capacitance and resistance. QT of the hex-PSCs in layer 3, which is the 
closest to layer 4, drops to zero around 87% coverage, because the self-resonance 
frequency (SRF) of these PSCs falls even below 13.56 MHz. QT of the hex-PSC in a 
single PCB module without the second PCB is also measured for comparison. The 
resulting QT = 153 was close to the QT = 144 of layer 1 PSC with no layer 4 coverage as 
shown in Figure 6.7. 
Figure 6.6:  Comparison between calculation, simulation, and measurement results of the 




There are two issues of the deviation of measurement and simulation of Figure 6.6 
and Figure 6.7. First, a more realistic pattern of layer 4 would include sensor circuits, 
power amplifiers, control circuits, power lines, and connectors as describe in Chapter 5. 
According [130] , the pattern of overlapping metal does affect the Q of the PSCs. Second, 
several overlapping PSCs for the worst case position n layer 2 are jointed. In other 
words, they are incomplete PSCs for single tile as shown in Figure 6.2d. Hence, the 
solder connections for the incomplete PSCs are not uniform. On the Rx side, as 
mentioned earlier, in order to protect the Rx coil against moisture and mechanical 
damage, it was embedded in plastic molding as part of the headstage [105]. The plastic 
material, however, adds to the Rx coil’s parasitic resistance and capacitance because of 
the dielectric loss and dielectric constant, respectiv ly. The dielectric loss mainly comes 
from the insulation material. Therefore, a considerable amount of energy will be 
dissipated across the parasitic resistance, and the QR will be decreased. Furthermore, 
when the dielectric constant of the insulator materi l increases, parasitic capacitance also 
Figure 6.7:  QT of the hex-PSCs in different layer vs. the coverage ratio of layer 4. 
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increases, and the SRF decreases. The lower SRF induces lower QR at high frequency. 
Figure 6.8 shows the effects of embedding the Rx coil in the plastic molding on the QR. 
 
6.2.2 Power Transfer Efficiency (PTE) 
The PTE vs. coupling distance from the Rx coil of overlapping hex-PSCs for 
perfect alignment and the worst lateral misalignment (γmax = 49.1 mm) are shown in 
Figure 6.9a and 6.9b, respectively. At D = 78 mm, lateral misalignment results in 10 to 
15% drop in the PTE in calculations, simulations, and measurements. Any misalignment 
larger than γmax will result in the switching of the active hex-PSC to the one that has a 
lower misalignment. 




Figure 6.10a shows two adjacent overlapping PSCs with the gray areas indicating 
where they are activated if the center of the Rx coil is located within those regions. This 
region will be referred to as the active area of each hex-PSC. Figure 6.10a also shows two 
possible paths that the animal, carrying the Rx coil, m ght take from one hex-PSC to 
another. Along path-1, i.e. from point-a to point-b, the left PSC in 1ayer-2, which is 
centered at the origin, is activated for 0 ≤ γ < 42.5 mm, and then the right PSC in layer-1, 
(b) 
Figure 6.9:  The resulting PTE vs. the coupling distance from the Rx coil. (a) perfect alignment. 




which is centered at X = 85 mm, is activated for 42.5 mm ≤ γ < 85 mm. Figure 6.10b 
shows the calculated, simulated, and measured PTE variations along path-1. It should be 
noted that the PTE of the right PSC overtakes that of the left PSC at X = 34.5 mm 
because according to Figure 6.7, QT of the hex-PSCs in layer-1 is higher than the hex-
PSCs in layer-2. Nonetheless, in the location-based control scheme of the EnerCage 
system, the switching occurs at X = 42.5 mm. Figure 6.10c shows the PTE variations 
along path-2 (a to c). In this case, the left PSC is active for 0 ≤ γ < 49.1 mm, and layer-2 
PSC is active for 49.1 ≤ γ < 75 mm. These curves clearly show the reason why γmax = 
49.1 mm is the worst-case lateral misalignment. Considering the hexagonal symmetry in 
Figure 6.2g, the red dots in Figure 6.10c shows the worst-case PTE variations as the Rx 
coil, on the animal body, moves from any random hex-PSC to another. 
 
(a) 
Figure 6.10.  (a) Active areas of a pair of adjacent hex-PSCs in layer-1 and layer-2, where they are 
driven to energize the Rx coil. Also two possible lateral misalignment directions, path-1: from 





6.2.3 Power Transfer Efficiency (PTE) Variations 
Figure 6.11a shows a color-coded top view of the hex-PSC array, which matches 
the colors used in Figs. 6.1 and 6.2 for different PCB layers. The active area for each hex-
PSC has also been identified, which covers one third of each hex-PSC area. Since the 
range of robotic arm motion in the XY plane was limited to 17×17 cm2, the Rx coil was 
swept over each individual hex-PSC after adjusting he Z axis at a designated D. These 
(c) 




individual measurements were then combined to construct 3D maps of the PTE over the 
entire overlapping PSC array, as shown in Figs. 6.11b and 6.11c for D = 70 mm and 120 
mm, respectively. Because of the specific design of the hex-PSC geometry, described in 
Section 6.2, the PTE variations at D = 70 mm were limited to 16.6% to 39.1% around an 
average PTE of 27.95%. PTE variations at D = 120 mm were even more homogenous, 
from 6.5% to 10.9% around an average of 9.02%. Thisis considerably better than the 
previous attempts in generating a homogeneous magnetic field in a large experimental 
arena for similar applications [97] and [106]. The x-PSCs on layer 1 generated the 
highest peaks because of their shorter coupling distance to the Rx coil and less overlap 
with the other three layers. 
 
(a) 
Figure 6.11: The PTE mapping of four hex-PSC units (2×2) at different coupling distances: (a) 




6.2.4 Angular Coil Misalignments (Tilting the Rx Coil) 
Considering the awake animal subjects’ behavior, the Rx coil is likely to be tilted 
on top of horizontal displacements. Therefore, it is important to understand the effects of 
the Rx coil angular misalignments. For a circular Rx coil, angular misalignments can 
(c) 
Figure 6.11: The PTE mapping of four hex-PSC units (2×2) at different coupling distances: (b) D 




occur along the θ and ϕ axes in a spherical coordinate system, as shown in Figure 6.12. 
In order to create accurate and consistent angular misalignments along θ, the Rx coil was 
connected to an extension of the X-axis stepper motor in the robotic setup, shown in 
Figure 6.5, as it was held at the nominal height of D = 78 mm above the hex-PSC array. 
The stepper motor had 40 steps in a 360° rotation and, therefore, could change θ in 9° 
steps. The hex-PSC array itself was placed on a turn table to be manually rotated with 
similar step size to generate the ϕ misalignments. Figs. 12a and 12b show a good 
agreement between the simulation and measurement resul s of the Rx coil rotation when 
it was perfectly aligned above one of the hex-PSCs (γ = 0 mm), respectively. It can be 
seen that in this configuration, the ϕ misalignment does not affect the PTE because both 
the Tx PSC and Rx coil are almost circular. The PTE, however, is quite sensitive to θ 
misalignments due to k ∝ cos(θ), and becomes very small when θ ≈ 90º [131]. Figs. 12c 
and 12d show similar results when the Rx coil is half w y between the centers of two 
overlapping hex-PSCs (γ = 42.5 mm). In this case, the valley of the PTE occurs much 
earlier when θ > 60º because of the small effective coupling area between the active hex-
PSC and the Rx coil.  
The PTE valleys in Figure 6.11 create temporary dead-zones across the 
experimental arena for the headstage electronics, which depend of the Rx-coil 
orientation. These are difficult to eliminate by modifying the overlapping hex-PSC 
geometry alone. Two solutions are considered to address this issue in the EnerCage 
system. 1. Activating two adjacent hex-PSCs simultaneously with out-of-phase signals to 
create a horizontal magnetic field, which is discused in Section 6.3.5. 2. Adding a small 
auxiliary rechargeable battery or a super-cap to the headstage to work as a buffer and 
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store energy when the coils’ coupling is good and temporarily supply the electronics 
when the Rx coil is in a PTE valley, or when the animal stands on its hind limbs, 
elevating the Rx coil above Dmax = 120 mm. 
 
(a)                                                  (b) 
(c)                                                  (d) 
Figure 6.12: PTE vs. tilting angles for a layer-2 hex-PSC powering the Rx coil at the nominal D = 78 
mm: (a) Simulation at X = 0 mm; (b) Measurement at X = 0 mm. (c) Simulation at X = 42.5 mm; (d) 
Measurement at X = 42.5 mm. 
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6.2.5 Horizontal Magnetic Field with Out-of-Phase PSCs 
To address the problem of small PTE for a combinatio  of severe angular (θ > 60º) 
and lateral misalignments, shown in Figure 6.11, the system activates a pair of 
overlapping hex-PSCs simultaneously with out-of-phase drive signals to create a 
horizontal flux between the two PSCs in a way that more flux is bent towards the Rx coil 
and pass through it. Figure 6.13 demonstrates a worst-case scenario, in which the Rx coil 
is held vertically (θ = 90º) in between the two PSCs at D = 78 mm and γ = 42.5 mm. The 
graphs compare the received power when the Rx coil is swept along path-1 in Figure 
6.10a from the center of one hex-PSC (a) to the othr (b) when they are either activated 
individually or simultaneously with 180º phase difference. The Tx power delivered to 
each hex-PSC in this experiment was set to 0.5 W [21]. It can be seen that by using the 
simultaneous activation method, the received power around γ = 42.5 mm has been almost 
tripled.  
In fact with proper driver circuitry and choice of hex-PSCs it is possible to steer the 
magnetic flux in different orientations by controlling the phase difference and amplitude 
between power carrier signals applied to the hex-PSCs. Nonetheless, the received power 
above the center of the a PSC (γ = 0 mm or 85 mm) is still smaller than the desired 20 
mW level, and therefore, the use of auxiliary means for energy storage in the headstage 
might be necessary for uninterrupted operation of the electronics attached to or implanted 





This chapter includes an optimal design methodology for a scalable array of 
overlapping hex-PSCs with a modular architecture, aranged in a way that it can cover 
any wireless powering area by creating a homogenous magnetic field. Thr exemplar 
application for such a coil arrangement is continuous powering of the randomly moving 
electronics that are attached to or implanted in the freely behaving small animal subjects’ 
body for long term behavioral electrophysiology expriments. The specific design of the 
hex-PSC module and implemented it on a pair of double-sided PCBs has provided. The 
PTE variations have been minimized by optimizing the hex-PSC geometries on the Tx 
side along with the Rx coil, while considering key parasitic components and practical 
constrains imposed by the application or fabrication process, to maximize the PTE in the 
worst-case scenarios, which are critical in maintaining operation over the entire 
Figure 6.13:  Comparison of misalignment (X) for different Tx PSCs with a tilting Rx coil (θ = 
90º and ϕ = 0) at coupling distance = 78 mm. 
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experimental arena. The idea is that in better conditi s, when there is excess power 
available on the Rx side, a closed-loop power control mechanism can reduce the Tx 
power, as demonstrated in [120]. 
The worst-case in terms of parasitics that reduce the Q-factor was related to the 
hex-PSCs in the 2nd layer, each of which was surrounded by 12 other hex-PSCs. The 
worst lateral misalignment of the Rx coil was γmax ≈ ro1/ 3 , and the worst angular 
misalignments were θ > 60º. Such angular misalignments, however, can be addressed to a 
large extent by the flux steering technique, which involves adjusting the amplitude and 
phase difference between two simultaneously activated PSCs. Nonetheless, embedding a 
small energy storage component in the Rx module seem  to be inevitable for 
uninterrupted operation. 
All theoretical models were verified by finite elemnt analysis models that were 
constructed in a commercial field solver (HFSS), and further validated using a high 
precision robotic measurement setup. However, the complexity of the metal pattern of 
layer 4 degrades the optimization result. 
In this chapter, a design methodology for an overlapping hex-PSC array has 
proposed to create a homogenous magnetic field for wireless power transmission for the 
preliminary EnerCage system. However, this preliminary system has several issues. In 
the next chapter, these issues are addressed and the new PSC design and improved 
system is introduced. Moreover, the preliminary in vivo animal experiment with the 





7. THE NEW ENERCAGE SYSTEM WITH ANIMAL EXPERIMENT 
RESULTS 
In Chapters 5 and 6, the preliminary EnerCage system and coil design methodology 
were introduced. In this system, each overlapping hexagonal planar spiral coil (hex-PSC) 
has its own sensor module and driver circuitry, which ncludes a radio frequency 
identification (RFID) reader and a power amplifier (PA). However, this design is not 
efficient in terms of power consumption and complexity because each PA only drives one 
PSC. Therefore, there is a need to reduce the number of drivers and sensors. Moreover, 
the communication between each control module and the personal computer (PC) is 
based on a central microcontroller (MCU), which is not easy to be modularized. 
Therefore, a new version of the EnerCage system called the “EnerCage-1” is presented in 
this chapter. The EnerCage-1 reduces the amount of driving circuitry and the number of 
sensors for the same amount of area by taking advantage of multi-coil coupling [56]. The 
EnerCage-1 is also equipped with “Xport” Ethernet modules, (Lantronix, Irvine, CA) 
each with its own internet protocol address (IP address) for communication with the PC. 
An Ethernet hub connects multiple control modules toge her into a single network, which 
the PC can then communicate with. 
Figure 7.1 is a rendering of the most recent version of the system, the EnerCage-1. 
A wireless mobile unit in the form of a headstage or implant embedded with receiver 
(Rx) coils is inductively powered by an array of overlapping hex-PSCs that tile the floor 
of the cage [23]. The cross sectional view of overlapping PSCs is the same as in figure 
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6.2g. The power transfer efficiency (PTE) has been improved by using a combination of 
3- and 4-coil coupling mechanisms [56]. On the transmitter (Tx) side, there are two kinds 
of PSCs: the driver PSC (Coil-1, L1) and the primary PSC (Coil-2, L2). On the Rx side, 
the secondary coil (Coil-3, L3) and the load coil (Coil-4, L4) are used to achieve 
maximum PTE while providing the optimal load condition. Driver PSCs, (red hexagons) 
driven by class-C PAs, are on layer 3, and primary PSCs are on layers 1 (blue) and 2 
(green), as shown in Fig. 7.1. Each driver PSC is associated with two of the six primary 
PSCs that overlap it. This design reduces the number of drivers and control modules to 
one third the number used in the preliminary EnerCage system [21], while maintaining a 
high PTE. Each control module, mounted vertically under the PSC array at the locations 
of the yellow triangles in Figure 7.1., houses the control circuitry and three PAs that are 
connected to the three driver PSCs. 
 
Figure 7.1:  Top view of the array of overlapping hex-PSCs and magnetic sensors that tile the 
floor of a large experimental arena for EnerCage-1. 
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An array of 3-axis magnetic sensors (red dots), evenly distributed under the hex-
PSC array, determine the location of a small magnet embedded in the center of the Rx 
coil. The number of sensors has been reduced by 2/3 compared to the previous design in 
[21], while maintaining the system tracking accuracy. In this chapter, the new system 
architecture, the multi-coil coupling mechanism introduced in Section 7.1, and the system 
tracking mechanism are briefly described in Section 7.2 [19]. The measurement results of 
the system characteristics and the animal experiment ar  shown in Section 7.3. 
7.1 System Architecture and Coil Design of EnerCage-1 
In this section, the system architecture of the EnerCage-1 is introduced. The PTE of 
the EnerCage-1 is improved by multi-coil coupling [56], and the concept of the multi-coil 
design and optimization is also discussed in this section. 
7.1.1 System Architecture 
The EnerCage-1 system block diagram, shown in Figure 7.2, consists of five key 
components: the stationary unit (PSC board), the control boards with driver circuitry that 
connect vertically under the PSC board via three SMA connectors, the closed-loop power 
control (CLPC) module [120], the mobile unit, and the central PC. As shown in Figure 
7.3, each control board has an MCU (TI, MSP430), which is responsible for delivering 
control signals to three RFID readers (TI, TRF7960). Each of the RIFD readers then 
controls a 68% efficient class-C PA, which in turn drives a driver hex-PSC. The carrier 
frequency, fc, is also set to 13.56 MHz to comply with the industrial, scientific, and 
medical (ISM) band, and the hex-PSC geometries havebeen optimized accordingly. 
The MCU has several control pins that it uses to open the Tx PSCs that are not 
active. Each driver PSC then couples onto the Rx coil either directly or through one of its 
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two primary PSCs, depending on the position of the Rx coil. If the Rx coil is located 
above a driver PSC (L1), the coupling mechanism is 3-coil coupling (L1 to L3 to L4), but 
if it is located above a primary PSC (L2), the driver PSC delivers power through that 
primary PSC via a 4-coil coupling (L1 to L2 to L3 to L4) mechanism [10]. Hence, each 
control module controls nine PSCs, three drivers and six primaries, and the active area of 
each is 1/3 of the PSC layout area, as shown in Figure 7.4. Since the effect of phase 
control on multi-coil coupling has not been studied yet, the 2:1 multiplexers (MUX) for 
180° out-of-phase input signals that are used to address the tilting problem in the 
preliminary EnerCage system (Chapter 6) are removed. 
 
Each control module is also connected via flat cables to three magnetic sensor 
modules, AMI 360 (Aichi Steel, Aichi, Japan). Each sensor is mounted in the center of a 
Figure 7.2:  Block diagram of the EnerCage-1 system including drivers, PSCs and the mobile unit. 
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driver PSC, as shown in Figure 7.4 and collects 3D magnetic field data that it passes on 
to the MCU. The EnerCage-1 system runs with two different supply levels; a 5 V for all 
RFID readers, control circuits, and magnetic sensor m dules, and a variable voltage 
provided from the CLPC module for the PAs.  
 
On the Rx side, the mobile unit shown in Figure 7.2 includes secondary and load 
coils which improve the PTE by transforming the load impedance [56]. The 13.56-MHz 
AC carrier on the Rx coil is first rectified by a rectifier (Vrec) and then digitized by an 
MCU (NRF24LE1). The mobile unit also includes a wireless transceiver (NRF24LE1) 
that operates at 2.4 GHz. This transceiver can be used to transfer biological data and 
power information when the LSK back-telemetry link is weak due to a large separation 
between Tx and Rx coils. The MCU generates short pulses (~10us) if Vrec > 4V and sends 
these pulses as back-telemetry data to the Tx using load shift keying (LSK), which is then 




read by the RFID reader, and relayed back to the MCU of the control board. The MCU 
then bundles the magnetic sensor data with the back-telemetry data and sends it to the 
central PC via the Xport Ethernet communication module, which has been assigned a 
unique IP address. Any number of control modules can be used in order to extend the 
experimental area to have any desired size and shape. The PC collects data from all of the 
modules, records the tracking and biological data, nd uses the algorithm discussed in 
Section 7.2 to determine which coil to activate. The PC then sends control commands to 
the MCUs of the control modules and the CLPC module, which has its own Xport and IP 
address. The CLPC is also connected to the hub and adjusts the PA supply voltage based 
on the PC command to regulate the Rx power [120].  
 
The main purpose of the mobile unit is to replace the batteries in the electronic or 
mechanical (e.g. pumps) devices that are attached to, or are implanted in, the animal 
body, and the design of its physical shape can be modified according to the needs of the 
application. For instance, in the current prototype, th  mobile unit is designed to be part 
of a headstage with 32 movable tetrodes that will pick up single unit neural activity for a 




wireless integrated neural recording (WINeR) data acquisition system [127]. The WINeR 
system wirelessly sends the neural signals to an independent receiver at 915 MHz after 
conditioning. 
7.1.2 Multi-coil Coupling * 
A popular technique for wireless power transfer is inductive coupling, which uses 
two coils referred to as the primary (L2) coil and the secondary (L3) coil, as shown in 
Figure 7.5a, and as discussed in Chapter 3. The PTE of the 2-coil link shown in Figure 
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where QL = ωL3 / RL, known as the secondary load quality factor, determines the 
efficiency from the secondary coil to the load i.e. Q3L / QL, as discussed in Chapter 3. 
Based on (7.1), the efficiency profile of the 2-coil inductive link is a monotonically 
decreasing function of the coils’ coupling distance. But for a given Q2, Q3 and k23, there 
is an optimum load, RL,PTE = ωL3 / QL, PTE, which can result in maximum PTE [132] at 









+= .        (7.2) 
In order to improve the PTE, a multi-coil coupling technique is introduced, in 
which two coils (secondary and load coils) are used on the Rx side to provide optimal 
load matching. 3-coil coupling occurs when just one Tx coil is used (driver coil). The 
mechanism of the 3-coil power transfer inductive link is shown in Figure 7.5b, and 
consists of one driver coil (L1) on the Tx side, and secondary (L3) and load (L4) coils on 
the Rx side. The PTE of this system can be found from 
* The equations of this section are mainly derived by Mehdi Kiani of GT-Bionics Lab, and the detailed 
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For large coupling distances between driver and secondary coils, the effect of k14 is 
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The 3-coil PTE given in (7.5) consists of two terms, the second of which is the PTE from 
L3 to L4, if they are considered to be a 2-coil inductive link. It can be shown that the first 
term is the PTE from L1 to L3 when L3 is loaded by L4. 
4-coil coupling occurs when a primary coil is added between the driver and 
secondary coils (results in coupling from L1 to L2 to L3 when L3 is (?) loaded by L4). The 
idea of the 4-coil inductive link (Figure 7.5c) is to have high PTE between the loosely 
coupled, high Q primary and secondary coils which are not loaded directly by the source 
or load impedances, respectively. The PTE in the 4-coil coupling link shown in Figure 

































It should be noted that when the PA resistance is large, the additional driver coil in 
4-coil links increases the PTE but reduces the power delivered to the load due to the large 
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impedance reflected into the driver coil. Furthermoe, the worst position for the PSCs 
where PTE is concerned is the metal 2 layer because of the overlapping by the top and 
bottom PSCs.  
The design of the inductive link for the EnerCage-1 system is based on 4-coil 
coupling. The three overlapping PSCs are in three mtal layers of two 2-layer PCBs. If 
the animal subject moves to the driver PSC or to a primary PSC, the coupling mechanism 
is 3-coil or 4-coil coupling, respectively [10]. This mechanism reduces the number of 
driver PAs and maintains a high PTE [10]. 
 
7.1.3 Design Procedure and Optimal Results 
The design of the EnerCage PSC array is based on multi-coil coupling to achieve 
the highest possible PTE. Here, a summary of the optimization procedure is explained for 




(b)                                                                                          (c) 
Figure 7.5:  (a) Conventional 2-coil power transfer inductive link with reflected load equivalent [92]. 
(b) 3-coil power transfer inductive link. (c) 4-coil power transfer inductive link [56]. 
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7.1.3.1 Design Procedure 
For 3-coil link optimization that includes all parameters of L1, L3 and L4, (7.3) can 
be used. However, this equation is overly complicated because it considers all coils’ 
parameters at the same time. Hence, (7.5), the simplified version of (7.3), is used. Since 










≅η .         (7.7) 
The second term of (7.5) is dominated by L3, 4 and the load (RL). Hence, the 
optimization includes two parts. The first part is done for L1 and L3 based on (7.7) where 
Q1, Q3, and k13 should be maximized while considering the application and fabrication 
constraints. Depending on the application, the size of L3 may be limited. The 
optimization procedure for the L1-L3 link is quite similar to the one found in [7]. The 
second part of the optimization shown in Figure 7.6, which is based on (7.5) for L3 and 
L4, starts with a preliminary value of L1 and L3 with a fixed load impedance. After 
finishing the iterations of the second part, the approximated maximum PTE can be 
estimated. Then, the new geometry of L3 should be compared with the previous geometry 
of L3 from the first part. If the geometry of L3 has changed, the procedure returns back to 
the first part with the new L3 geometry to optimize the geometries of L1 and L3. If the 
geometry of L3 does not change, the procedure is finished, revealing the optimal coils’ 
geometries. 
For 4-coil inductive link, the optimization procedure is also separated into two 
parts, the first of which is the same as that of the 3-coil link. In the second part, L1, L3 and 
L4 are optimized with a fixed load based on (7.2). Then the interim geometry of L3 is 
used to determine if the geometries obtained in the second part are optimal. The 
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optimization procedure for 4-coil links is included in Figure 7.6. Here, L3 is used to 
determine the optimal link rather than L1 because L3 is in strong coupling with L4 which 
is connected to the load. Moreover, PTE is almost fixed if k12 is above a certain value. 
Therefore, the L1 geometry variation is less than the L3 geometry variation. 
In the PSC array design, the model of overlapping PSCs with parasitic effects 
discussed in Chapter 6 is used for 4-coil coupling optimization. In order to create a 
homogenous magnetic field, the geometries of the overlapping hex-PSCs, which act as 
driver and primary PSCs in the 4-coil link, are identical. In order to have a conventional 
design example, the PCB process discussed in Chapter 6 is used for the PSC array, and 
the constraints are similar to those shown in Table 6.1. In addition, some of the parasitic 
effects are ignored here, as they were in Chapter 6. 
As for the Rx coils, two designs are studied, referr d to as Set-1 and Set-2. Set-1 
is used in preliminary tests, and has wire-wound coils f r L3 and L4 that provide high 
PTE. The diameter of the coils is limited to 40 mm, a value chosen based on the 
parameters of the WINeR system [127]. For Set-2, a wire-wound coil is again used for L3 
to improve Q, but a PCB multi-layer coil is used for L4 to reduce the size of the mobile 
unit. The layout of L4 is shown in Figure 7.7. The diameter of L3 is 40 mm [105], and the 
diameter of L4 is 25 mm, or roughly the size of a quarter coil size. After the geometry is 
decided, the iterative design procedure is executed sing the optimization shown in 
Figure 7.6. Furthermore, a field solver, HFSS (Ansoft, Pittsburgh, PA), is used in the 
design procedure to verify and fine tune the values suggested by the theoretical models. 
The simulation model includes all possible eddy current effects from the overlapping 




7. Is the efficiency improvement less than 0.1%? 
3. Optimization of L2-L3 link based on [7] (Figure 3.5). 
9. Optimized design can be validated by a field solver simulation or measurements. 
2. Applying the initial values: parameters for L1 (for 4-coil), L2, L3 and L4. 
4. Optimizing L4 based on (7.3). 
5. Optimizing L3 based on (7.3). 
Yes 
6. Optimizing L1 for 4-coil link based on (7.6). 
8. Is the geometry of L3 changed less than 0.1%? 
Yes 
No 
1. Applying design constraints based on the application and fabrication process.  
No 




7.1.3.2 Optimal Results 
Table 7.1 shows the geometries and specifications of coils that have been  
optimized for 4-coil inductive links. The driver coil (L 1) and the primary coil (L2) are 
hexagonal PSCs fabricated with 1-oz copper (thickness = 35 µm) on 1.6 mm thick-FR4 
substrates. For the Set-1 design, the Rx coils are fabricated with AWG-22 magnet wire 
(diameter = 0.64 mm). For the Set-2 design, the secondary coil (L3) is fabricated using 
AWG-22 wire (diameter = 0.64 mm) in order to achieve maximum Q, and the load coil 
(L4) is designed on multiple layers of the Rx PCB with a line width of 1 mm. 
Disregarding situations in which the Rx coil is tilted, the maximum misalignment (and 
therefore the minimum PTE) between the Tx and Rx coils occurs when the center of the 
Rx coil is displaced from the center of the Tx coil by √3 of the PSC radius (48 mm). In 
these results, the PTE of Set-1 is still higher than that of Set-2 because L4 in Set-1 has 
larger diameter, which results larger the coupling of L1 or L2. 
Figure 7.7:  Three-turn multi-layer PCB coil. (a) Top view. (b) 3D view. 





7.1.3.3 Link Budget for Multi-coil Coupling 
The link budget of a typical communication system indicates how the transmitted 
signal is ‘spent’ as it travels through the link and is received by the receiver. It is 
therefore a balance sheet of energy gain and consumption along the communication path. 
In this chapter, the energy gain and consumption of the multi-coil coupling is analyzed to 
Table 7.1. OPTIMIZED GEOMETRIES AND I NDUCTIVE L INK CHARACTERISTICS FROM SIMULATION 
RESULTS 
Parameters Design Value 
PSC driver coil (L1) and primary coil (L2) 
Inductance = 0.68 µH 
Outer diameter = 16.6 cm 
Number of turns = 2 
Line width = 8.66 mm 
Line spacing = 2.60 mm 
Quality factor = 163 for driver PSC on layer 1 
Quality factor = 127 for primary PSC  on layer 2 
Quality factor = 155 for primary PSC  on layer 3 
Weight = 3.3 g 
Wire-wound secondary coil (L3): Set-1 
Inductance = 1.25 µH 
Coil Diameter = 40 mm 
Wire diameter = 0.64 mm 
Number of turns = 3 
Quality factor  = 188 
Weight = 1.0 g 
Wire-wound secondary coil (L4): Set-1 
Inductance = 0.72 µH 
Coil Diameter = 40 mm 
Wire diameter = 0.64 mm 
Number of turns = 2 
Quality factor = 155 
Weight = 0.7 g 
Wire-wound secondary coil (L3): Set-2 
Inductance = 1.25 µH 
Coil Diameter = 40 mm 
Wire diameter = 0.64 mm 
Number of turns = 4 
Quality factor  = 196 
Weight = 1.4 g 
PCB multi-layer coils (L4): Set-2 
Inductance = 0.37 µH 
Coil Diameter = 25 mm 
Line width = 1 mm 
Number of turns = 3 
Quality factor = 177 
Weight = 0.3 g 
L2 and L3 nominal relative distance (d23) 120 mm (k23 = 0.033) 120 mm (k23 = 0.035) 
L3 and L4 relative distance (d34) 30 mm (k34 = 0.33): Set-1 18 mm (k34 = 0.28): Set-2 
Overall efficiency (%)  
at d23 = 120 mm Max / Min* 
12.8 / 6.2 (3-coil): Set-1 12.2 / 5.8 (3-coil): Set-2 
12.6 /5.8 (4-coil): Set-1 12.4 /5.6 (4-coil): Set-2 
Nominal Loading (RL) (ohm) 500 
*Maximum misalignment (γmax) = 83/√3 = 48 (mm) 
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understand the power consumption of each stage. Since the worst case coupling is 4-coil 
coupling in maximum misalignment with Set-2 coils, only this case is analyzed for the 
link budget. Table 7.2 shows the efficiency at each step of the inductive link in multi-coil 
coupling for Set-2 coils, and the load is 500 ohms in this design. In Table 7.2, the 
maximum loss occurs between L2 and L3, which is expected. 
 
7.1.4 Design of the PSC Array 
The PSC manufacturing process limits the shape of a unit tile to a rectangular form, 
as shown by the black boundary in Figure 7.8. Each unit tile includes 23 complete PSCs 
(eight PSCs in layer 1, eight PSCs in layer 2, and seven PSCs in layer 3), and 30 
incomplete PSCs. The driver circuitry controls three driver PSCs and six primary PSCs as 
shown in Figure 7.3, so each tile has a total of 12 driver PSCs that are divided into 4 
controller modules. Figure 7.8 also shows the layout f the 43 partial hex-PSCs 
associated with each tile when completed by the eight adjacent PSC tiles. This figure 
clearly shows how the EnerCage modular architecture can be scaled to support any 
arbitrarily-sized experimental arena. Each module also has 12 3-axis magnetic sensors, 
represented by the red dots in Figs. 7.1 and 7.8. Figs  7.9a and 7.9b show the layouts of 
the two 2-layer PCBs that are designed based on the specifications in Table 6.2. The 
fourth layer of this design is used to connect the control modules to the PSC array tiles. 
7.2. L INK BUDGET FOR THE 4-COIL COUPLING FOR SET-2 RX COILS IN M AX M ISALIGNMENT  
Parameters 4-coil Coupling 
PA (%) 68 
Matching of Tx circuit (%) 98 
Connection (%) 99 
L1 to L2 (%) 78 
L2 to L3 (%)  11 
L3 to L4 (%) 66 
Matching of Rx circuit (%) 98 




The matching capacitors and relays of the primary PSCs are also on the fourth layer. 
 
 
7.2 Sensor Tracking Algorithm* 
In order to minimize power consumption, only one driver is activated at any given 
time. The system continually monitors the animal’s movement and turns on only the PSC 
closest to the mobile unit. Ideally, it switches the active PSC when the magnet reaches 
the halfway point between two adjacent coils. Due to the fact that each hex-PSC has six 
(a)                                                                                      (b) 
Figure 7.9:  PCB design for unit tile of the EnerCage-1 3-layer overlapping hex-PSCs (51.2 × 44.4 
cm2). (a) PCB1 for layers 1 and 2. (b) PCB2 for layers 3 and 4. 
Figure 7.8:  Each stationary unit tile has 12 drivers for 12 driver PSCs and 36 primary PSCs. Each 





neighbors, the ideal switching points form a hexagonal boundary, represented by the 
black outlines in Figure 7.3. Red hexagons in this figure are the driver PSCs, and the 
adjacent blue and green hexagons at the 3 and 5 o’clock positions are the primary PSCs 
that are associated with them. Red dots represent th  magnetic sensors, and the yellow 
triangle indicates the driver board entry port, as in Figure 7.1. The black hexagons are 
referred to as the active domains of the underlying hex-PSCs. 
The sensors’ raw data is first converted into a scalar value by performing a vector 
sum of the three axis magnetic field components. Since each sensor is located directly 
below the center of a driver PSC, the system is programmed to activate that PSC when its 
sensor value surpasses an experimentally determined high threshold, Th_H. When three 
adjacent sensors report values greater than a low threshold, Th_L, the system activates the 
primary PSC that is between those three sensors. Fo example, if the sensors under the 
red PSCs in Figure 7.3 read values >Th_L, then the green PSC between them is activated 
by the red driver PSC on the upper left side of the module. The red circles in Figure 7.10 
represent the domains of the driver PSCs. Since the location of the magnet is determined 
by a simple threshold scheme, a circular boundary around each sensor represents the area 
in which the magnet generates a value above Th_H for that sensor. The larger, yellow 
circles surrounding each sensor represent the area within which the magnet generates a 
value above Th_L. The primary PSCs’ theoretical domains, as defined by the intersection 
of three adjacent yellow circles, are intrinsically Reuleaux triangles, as indicated by the 
blue dashed outline. However, since the program checks for values above Th_H first, 
priority is given to the high threshold circles, and the resulting domain around the 
primary PSCs is the 6-sided green area shown in Figure 7.9. 
* The graphic user interface (GUI) and control software of this section are developed by Peter 




In the central PC each sensor value is first compared to Th_H and then Th_L. If a 
value is greater than Th_H, the PC turns on the driver PSC associated with that sensor. If 
the value is between Th_H and Th_L, the program checks the values of the adjacent 
sensors, and if those sensors also surpass Th_L, the system turns on the appropriate 
primary PSC. If the value is lower than both thresholds, the program moves on to the next 
sensor value. If the last sensor fails to surpass either threshold, the last chosen PSC 
remains activate. 
This last feature is important for situations in which the magnetic tracer moves out 
of the range of all sensors. Occasionally, the animl subject stands up on its hind legs or 
explores the perimeter of the arena by partially climbing the walls. In such cases, the 
mobile unit may still be within the range of the Txeven if the magnet is not within the 
range of the sensors. Therefore, by continuing to power the previously activated PSC, the 
system can deal with an unknown state. While the magnet is out of range, the PC 
continues to monitor the sensors, so that when the trac r is detected again, the active PSC 
jumps instantly to the new location. 
Figure 7.10:  Domains for the upper (red) and lower (yellow) thresholds in the localization. 
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7.3 Measurement Results 
In order to demonstrate the efficacy of the multi-coil links in improving PTE as 
compared to conventional 2-coil links, several measurement results are presented. The 
control of the overall system and the magnetic tracking are also demonstrated in this 
section, as well as the in-vivo experimental results for the EnerCage-1. A setup consisting 
of four PSC PCBs is shown in Fig. 7.11.  
 
7.3.1 Power Transfer Efficiency 
For the EnerCage-1, the inductive coupling mechanism i  based on multi-coil 
coupling, and Figure 7.12 shows the calculated, simulated, and measured PTE results for 
different coupling paths while the Tx and Rx coils are perfectly aligned. The load on the 
Set-1 mobile unit is 500 Ohms. In order to provide a comparison, the measurement 
results for 2-coil coupling are also provided. The 2-coil link consists of primary and 
secondary coils while in the 3-coil coupling, the receiver is on the driver PSC of layer 3. 
For 4-coil coupling, the receiver is on the primary PSC of layer-2. In Figure 7.12, the 
Figure 7.11:  Measurement setup made up of 4 hex-PSC unit tiles of Figure 7.9. 
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multi-coil coupling provides higher PTE at long distance (> 6 cm). The PTE of 3-coil is 
lower than PTE of 4-coil because the driver PSC is on layer-3, which is the lowest PCB 
layer. 
 
7.3.2 System Functionality 
In order to demonstrate the overall functionality of the system, six modules 
including 54 complete PSCs were tested in a 2×3 array, as shown in Figure 7.13. The 
diameter of each hex-PSC was 17 cm, and each active area was 62.57 cm2, for a total area 
of 3378 cm2. The mobile unit had a pair of wire-wound coils with 3 turns and 2 turns for 
L3 and L4, respectively, as shown in Table 7.1 for Set-1 [19]. In the center of the 
secondary coil, two disk shaped rare-earth magnets (∅9.5 mm, 1.5 mm thick, Brmax = 
14,800 G, 0.85 g) were mounted as the tracer. The localization thresholds were set at 
Th_H = 120 and Th_L = 60, based on the sensor values observed at the edges of the red 




and yellow circles in Figure 7.4, at a height of 12 cm. These values correspond to field 
magnitudes of 0.114 and 0.037 G, respectively, after accounting for sensor scale and 
offset. 
 
In Figure 7.10, the red and green domains indicate the locations and the black 
outlines indicate the system should theoretically switch. These positions can be 
determined by the geometry of the coils, but vary from the actual switching locations. To 
demonstrate the error in the switching points of the activated PSCs, the mobile unit was 
moved along the 70 cm path that is indicated by the dotted arrow in Figure 7.13 at a 
height of 12 cm above the PSC array. As the magnetic tracer moved from the center of 
the green primary PSC at the beginning to the center of the red driver PSC at the end of 
the arrow, the mobile unit voltage varied by Vp-p,OL = 6.15 V and Vp-p,CL = 0.4 V in the 
open- and closed-loop conditions, respectively, as shown in Figure 7.14. During open-
loop operation, the PA supply was fixed at 15 V, but d ring closed-loop operation,  it 
varied from 5 V to 20 V to maintain a mobile unit rectifier output of 5 V. 
Figure 7.13:  An exemplar mobile unit path for 2×3 control modules array. 
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The dotted vertical lines mark the location of the oretical switching points, while 
the solid vertical lines mark the location of the actu l switching points. The horizontal 
separation between these lines can be considered as a measure of the localization 
accuracy of the system using the simple thresholding control method in Section 7.2. 
 
7.3.3 Animal Experiment 
In order to demonstrate the functionality of the system, nine control modules (81 
complete PSCs) were tested in-vivo in a 3 × 3 array, covering a total area of 5068 cm2, as 
shown in Figure 7.11. Since the PSC arrangement is based on the PCB layout of Figure 
7.8, the combined active area of the complete coils f r the nine control modules is not 
rectangular. Hence, an approximate shape is used for the actual animal experiment as 
shown by the black boundary in Figure 7.15, and the siz  is 3538 cm2 based on this 
boundary. In this cage, 66 PSCs are used, and some PSCs are cut off by the 
approximation. 
Figure 7.14:  Theoretical and actual switching points between active PSCs and the resulting 
voltage at the output of the mobile unit rectifier when it is moved horizontally along the path 
shown in Figure 7.13 at the nominal height of 12 cm. 
 









In order to reduce the weight of the mobile unit for the animal experiment, Set-2 Rx 
coils are used. The specifications of the mobile unit coils are shown in Table 7.1. The 
animal subject is a 15-month-old Long-Evans Rat weighing 500g as shown in Fig. 7.16a. 
The fabricated mobile unit, the headstage, is shown in Figure 7.16b. The in-vivo 
experimental setup is shown in Figure 7.16c. The boundary of the experiment was 
maintained by the plastic glass cage, and the PSC array was covered with another sheet of 
plastic glass, which had a thickness of 1.5 mm. Themaximum supply voltage for the 
PAs, VDD_Tx, was 18 V to provide a maximum of 3.5 W while the minimum VDD_Tx 
was 5 V to provide 0.5 W. The animal experiment was conducted for one hour without 
interruption, and the results are shown in Figure 7.17. In Figure 7.17a, the mobile unit 
voltage, Vrec, was almost constantly maintained at 4 V, a value set by the closed-loop 
power module.The PA supply voltage varied from 5 V to 18 V depending on the position, 
Figure 7.15:  The boundary of the animal experiment for 3×3 control modules array. 
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coupling distance, and tilting angle variations of the headstage caused by the rat’s 
movements  
In Fig. 7.17a, some periods of interest are indicated, and the results of these time 
sections are expanded in Figs. 7.17b to 7.17d. In Fig. 7.17b (t= 5.5 min to t= 7.5 min), 
Vrec was decreasing while VDD_Tx could not reach 18 V due to back telemetry noise that 
was misguiding the power control algorithm. In Fig. 7.17c (t= 31.0 min to t= 33.5 min), 
Vrec increased above 4 V while VDD_Tx stayed at its mini um level of 5V because the 
coupling was strong. In Fig. 7.17d (t= 47.0 min to t= 55 min), although the VDD_Tx was 
at its highest value of 18V, Vrec started decreasing. There are two reasons for this 
phenomenon. First, the PTE was low due to misalignment between the Tx and Rx coils. 
Second, the PTE of the Tx PSCs was insufficient to produce the necessary power because 
of Tx PSC mismatch. 
 
Figure 7.16.  (a) The subject, Long-Evens rat, 15 month old. (b) The headstage for the animal 













Figure 7.17: (a) In-vivo experimental results for headstage rectifier voltage and PA supply voltage 
during one hour. (b) Time period B: the noise of the Tx PSC affects CLPC control. (c) Time 
period B: The minimum output power of 0.5 W still provides the power for the headstage. d) 
Time period C: The PTE of the Tx PSCs is not enough to provide the sufficient power because of 








The EnerCage-1 system has demonstrated robust real time tracking as well as 
closed-loop power and back telemetry data transmission in bench top experiments. The 
use of multi-coil links and a threshold-based tracking algorithm have led to higher power 
transfer efficiency, and a reduction in the number of magnetic sensors and the amount of 
driver circuitry. In vivo experiments with small, freely behaving animal subjects show the 
capability of the system in an actual electrophysiology lab environment. However, there 
are still some issues that must be resolved, such as the relatively low accuracy of the 
magnetic sensor tracking and the poor impedance-matching of the PSC resonant 




Figure 7.17:  (d) Time period C: The PTE of the Tx PSCs is not enough to provide the sufficient 





8. CONCLUSIONS AND FUTURE WORKS 
This dissertation focuses on developing the inductive coupling model and the 
optimization methodology used to achieve maximum power transfer efficiency (PTE) in 
a multi-carrier wireless link. Based on the models, the new multiband coil geometry 
obtains maximum PTE for the power carrier while mini izing interference in the data 
link. The second component of this dissertation is the development of a novel wireless 
biological data acquisition system called the EnerCage. This system can track the 
subject’s location, provide localized wireless power, and transfer bidirectional data for 
unlimited time periods in experimental arenas of any size. The recent progress towards 
these projects is summarized in the first part of this chapter, followed by a discussion of 
future works. 
8.1 Conclusions 
This section summarizes the results and scientific contributions of the EnerCage 
and multiband wireless transmission systems. 
8.1.1 Multiband Transmission for Implantable Devices 
This project presents a novel, multiband wireless link with three major functions, 
namely power transfer, forward data transmission, and back telemetry, with a dedicated 
carrier signal and coil/antenna pair for each. The planar geometry of the coils and 
antennas is area efficient and enables subdermal implantation. Planar spiral coils (PSCs) 
are very effective for delivering wireless power via near-field transmission under the 
extreme size constraints imposed by next-generation neuroprosthetic devices. However, 
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these devices need to be hermetically sealed in biocompatible materials and placed in a 
conductive environment with high permittivity (tissue), and in the process, the PSC 
characteristics may be affected. To account for these changes, a detailed PSC model was 
constructed that incorporated the effects of the surrounding environment on the PSC 
parasitic components and the power transfer efficiency (PTE). This model was combined 
with an iterative design method that starts with a set of realistic design constraints and 
ends with the optimal PSC geometries. The PSC design procedure was validated by 
applying it to an exemplar 10×10 mm2 visual prosthesis receiver coil, operating at 13.56 
MHz. The finite element analysis models in HFSS were constructed for several fabricated 
PSC pairs on FR4. All calculation, simulation, and measurement results were in close 
agreement for each of the design parameters, and demonstrated the validity of the models 
and proposed iterative PSC design procedure as shown in Chapter 3. From the 
measurement results, the PSC which was optimized for transmission through air could 
only achieve 21.8% efficiency through muscle, demonstrating that accounting for 
environment in the design process can result in almost a 10% improvement in PTE. 
The concept of the data link is addressed in Chapter 4, as well as the methodology 
for coil optimization and the detailed simulation ad measurement results. Two different 
forward data coil designs were evaluated. The firstconsisted of a pair of vertical coils 
wound across the diameter of the power PSCs, which t en produced magnetic fields that 
were orthogonal to those of the power carrier, and therefore less susceptible to noise. The 
second consisted of a pair of planar figure-8 coils, in which the electromotive force (EMF) 
induced by the power carrier in one loop, opposed that induced by the other loop. 
Therefore, the total EMF resulting from the power ca rier interference when the coils are 
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perfectly aligned can theoretically be very small. The comparison of these designs is 
shown with respect to their robustness against the worst case horizontal misalignments. 
Finally, simulations and measurements of the performance of the data coils on a 
miniature spiral antenna receiver are conducted. This antenna was designed to operate 
with impulse-radio ultra wideband (IR-UWB) circuitry for back telemetry. The UWB 
antenna does not provide as wide a bandwidth as the commercial chip antenna, partly due 
to its implementation on a FR4 PCB. Therefore, more work is needed to develop IR-
UWB antennas. 
8.1.2 EnerCage 
Wireless power and data transmission have opened up promising research 
opportunities by enabling perpetual data acquisition and stimulation systems. This project 
presents progress towards such a system, called the EnerCage, equipped with scalable 
arrays of overlapping planar spiral coils (PSC) and3-axis magnetic sensors for focused 
wireless power transmission to freely behaving animl subjects. The EnerCage system 
includes a stationary unit for 3D non-line-of-sight localization and inductive power 
transmission through a geometrically optimized PSC array. The localization algorithm 
compares the magnetic sensor outputs with a threshold to determine which PSC to 
activate. The geometry of the coils is optimized for the scenario in which the mobile unit 
has achieved worst-case misalignment with a PSC, and co siders parasitics from the 
overlapping and adjacent PSCs. The mobile unit is attached to or implanted in the 
subject’s body, and includes a permanent magnetic tracer for localization, as well as a 
back telemetry circuit for efficient closed-loop inductive power regulation. The EnerCage 
system is designed to enable long-term electrophysiology experiments on small animal 
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subjects without requiring them to carry heavy and bulky batteries. For the preliminary 
EnerCage system, the closed-loop power management mchanism maintains the mobile 
unit received power at 20 mW despite misalignments, til ing, and distance variations up 
to a maximum operating height of 120 mm (PTE = 5%). 
A design methodology is introduced for an overlapping hexagonal planar spiral coil 
(hex-PSC) array, optimized for the creation of a homogenous magnetic field. The 
modular hex-PSC array has been implemented with three parallel conductive layers, for 
which an iterative optimization procedure defines the PSC geometries. Since the 
overlapping hex-PSCs in different layers have different characteristics, the worst-case 
coil-coupling condition should be designed to provide the maximum PTE in order to 
minimize received power fluctuations. 
However, there are some drawbacks of this design: the complexity of the metal 
pattern on layer 4 degrades the optimization result, the 2-coil coupling does not provide 
an optimal load for maximum PTE, and the central MCU cannot be used for multiple 
control modules. In the new revision, EnerCage-1, the layer 4 design was improved by 
moving some circuitry to the driver PCBs to reduce th  overlapping area. The connection 
mechanism between the unit tiles is improved by standard headers that allow easy 
assembly of any desired experimental area as well as uniform performance of the 
connected PSCs. Each driver PCB is equipped with an Ethernet module for 
communication with the central PC, and the Rx is deigned with multi-coil coupling to 
achieve maximum PTE. Moreover, the number of drivers and magnetic sensors is 
reduced in this version. The EnerCage-1 system has been tested in a one-hour in vivo 
experiment. The effectiveness of the closed-loop inductive power transmission and 3-D 
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non-line-of-sight magnetic tracking is apparent in the results, and the experiment 
demonstrates the feasibility of long-term uninterrupted electrophysiology experiments on 
small, freely behaving animal subjects in large experimental arenas.  
8.2 Future Works 
This dissertation has described a multiband coil and tenna design for implantable 
devices as well as a wireless power and data system for long-term animal experiments in 
large arenas. However, there are several issues that still need to be addressed, and the 
relevant future works are summarized in this section. 
8.2.1 Multiband Wireless Link for Implantable Devices 
For the multiband wireless link, only the power coil design incorporated the 
parasitic effects that exist as a result of implantation in the tissue, as shown in [7]. Most 
of the calculations, simulations, and measurement results were in close agreement within 
the range of parameters needed for neuroprosthetic applications. On the other hand, the 
data link was only modeled in air, and the deviation occurred when using tissue as the 
surrounding medium around the coils. Tissue increases the coils’ parasitic capacitance 
and decreases their SRF and quality factors. Therefore, the optimal data coils’ geometry 
for the tissue environment should be studied in the future.  
For the UWB antennas, the design is only for air, and the measurement 
environment is also the air. It should be noted that at high frequencies, electromagnetic 
power absorption in the tissue can increase the antnna losses [125], and one should 
consider evaluating such antenna designs in saline nd other tissue simulants [25]. 
Therefore, more work is needed to develop IR-UWB anten as not only the interference 
of the data and power coils but also the parasitics of the surrounding environment. 
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The coil design will be combined with real circuits (an integrated circuit) to have 
a complete system. GT-Bionics were introducing a new modulation technique, called 
Pulse Harmonic Modulation (PHM), for wideband, low power data transmission across 
inductive telemetry links that operate in the near-field domain. Using sharp and narrow 
pulses, similar to impulse-radio ultra wideband (IR-UWB) in the far-field, leads to 
significant reduction in the transmitter power consumption. GT-Bionics are now working 
on an integrated PHM-based transceiver, which is expected to push the uplink bandwidth 
and power consumption limits in IMD applications. 
Furthermore, in order to miniaturize the module forimplantable devices, the 
micromachining (MEMS) technology with smaller feature size will be used to further 
shrink the volume of the implantable multiband coil/antenna complex from the present 
work and conduct measurements in the real tissue environment. The MEMS also provide 
a flexible substrate, which provides the ability to c nform to the body curvature. 
Moreover, the multiband coils with actual transceiver chip will be designed and tested to 
demonstrate the feasibility. 
8.2.2 EnerCage 
The project is for developing the necessary electronics, control algorithms, and 
graphical user interface software to drive the hex-PSC array in the form of a network 
under the control of a central PC base station. In the future, the EnerCage system can 
track animal’s body, provide wireless power, and communicate with the electronics 
which will be combined with the neural recording circuits [127], stimulation circuits, and 
bio-sensors to provide in vivo electrophysiological data.  
Furthermore, when the animal’s body is close to the Tx-PSC, the tissues will 
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induce the parasitic capacitance of Tx PSCs and detune the resonant frequency [7] of the 
Tx coils. Hence, the next revision of the system can actively compensate for frequency 
variations of the carrier frequency, fc. The closed-loop frequency control (CLFC) can also 
ensure a smooth power transfer to the headstage or implant. In short, by significantly 
improving the quality and quantity of medical interv ntions and monitoring of small feely 
behaving animal subjects while reducing alterations t  their natural habitat, the EnerCage 
system is expected to enable new electrophysiology experiments that are not possible 
with today’s technology. 
For the animal tracking, the simple threshold-based algorithm [21] cannot show 
the animal behavior and accurate position. The magnetic sensor tracking should be 
improved to track accurate 3D position/orientation f a magnetic tracer [18] in the 
receiver (Rx) module. In the future, an ccurate animal tracking mechanism using a combinatio  of 
optical and magnetic sensors can provide researchers with real time information about not only the 
subjects’ positions within the experimental arena but also their body gesture and head orientations, ad this 
information can be used in behavioral analysis. Optical sensors such as a camera [24] require the subjct to 
remain in the sensor’s line-of-sight, and their resolution degrades when the coverage area 
increases, so an array of 3-axial magnetic sensors [25] that covers the bottom of the 
EnerCage tracks the magnetic tracer embedded in the IDPM unit. This sensing 
mechanism can operate in both open and covered spaces, which is a more natural 
environment for burrowing species, such as rodents. The data from a real time animal 
tracking algorithm will also be used to activate thhex-PSC that is in the best position to 
power the mobile unit. 
There are many experiments that require collecting real-time biological 
information, such as neural signals, body temperature, blood pressure, physical activities, 
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blood chemical concentrations such as SpO2, NO, and neurotransmitters. Even more 
challenging is experiments that require applying uninterrupted electrical, chemical, or 
mechanical stimulation, which are more power consuming, over long periods of time. In 
order to solve the existing problems, EnerCage offers these functions: wireless power 
induction, data acquisition, command transmission, and precise tracking. This 
combination provides a comprehensive solution for broad fields of research from 
behavioral neuroscience on rats to genetic engineering and phenotyping of knockout mice 





MODEL OF THE VERTICAL COIL 
 
Rectangular coils’ self inductance, L, is calculated from the following equation by 
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in µH, where 222
dd wlg += . 
Mutual inductance between a pair of rectangular solenoids is calculated by making 
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2, respectively, and the same is 
true for T4 and t4, T6 and t6, so on and so forth. The coefficients t2, t4, t6, … or T2, T4, T6, 










































MODEL OF OVERLAPPING COIL 
 
The circuit model for the hex-PSCs should include th key parasitic effects of 
mutual inductance (M), mutual capacitance (CM, which includes both Cov and Cadj), and 
mutual resistance, (RM, which includes both Rov and Radj) among overlapping coils. 
Figure 6.2g shows the worst-case condition in terms of parasitic effects: the black central 
PSC in layer 2 is overlapped by six PSCs in layers 1 and 3 and surrounded by six other 
adjacent PSCs in layer-2. Since considering the parasitic effects among all 13 PSCs 
renders the model too complicated, only the mutual parasitic effects between every two 
PSCs are considered. In this simplified model, every two PSCs are either overlapping or 
adjacent, as shown in Figs. 4a and 4b, respectively.  
Considering that the hex-PSCs are implemented in three different layers, shown in 
Figure 6.2f, their mutual parasitics can be divided into 4 categories that are summarized 
in Table 10.1. Mov12, Cov12, and Rov12 represent parasitics between PSCs in 1ayers 1 and 2; 
Mov23, Cov23, and Rov23 represent parasitics between 1ayers 2 and 3; Mov13, Cov13, and Rov13 
represent parasitics between 1ayers 1 and 3; and finally Madj, Cadj, and Radj represent 
parasitics between adjacent PSCs in each layer. 






























,     (10.3) 
where εrs_eff is the effective dielectric constant for FR4, including the fringing effects 












×= ,     (10.4) 
where w is the width of the hex-PSC metal trace and n1 is the number of turns. 
 
Regarding Cadj, the two adjacent hex-PSC traces as a coplanar stripline between 
FR4 and air can be considered. Then the unit length parasitic capacitance can be 









= ,     (10.5) 
where K(k0) is the complete elliptic integral of the first kind, εrs is the relative dielectric 










= ,     (10.6) 
Table 8.1. MUTUAL PARASITIC COMPONENTS 
Type Value k D γ Area* 
Mov12 131 nH 0.114
7 







Aov Cov12 8.99 pF 
Rov12 78.2 kΩ 
Mov23 131 nH 0.114
6 
tair = 1.7 mm 
(1ayer-2 and 
3) 
r + sadj Aov Cov23 8.43 pF 
Rov23 1 GΩ
**  
Mov13 128 nH 
0.112
5 




r + sadj Aov 
Cov13 0.95 pF 
Rov13 1 GΩ 






ro1 × t0 Cadj 0.03 pF 
Radj 245 kΩ 
*Overlapping areas between two conductors 





























.     (10.8) 
Therefore, Cadj = Cadj_unit × ro1. 
The mutual resistance, RM, which includes Rov and Radj, results from the material 
loss, which is related to the capacitance and the material dielectric loss [6]. Hence, Rov 










.     (10.9) 
Note that Rov3 is set to 1 GΩ (effectively infinite) since one of the dielectric materials 
between layers 1 and 3 is air, which has an extremely low dielectric loss.  
From these equations, three 13×  matrixes for M, CM, and, RM can be derived. 
Tables 10.2 and 10.3 show the matrixes for M and CM, respectively. The matrix for RM 
can be derived from the CM matrix using (10.9). These matrixes were then enter d in 
Simulink (Mathwork, Natick, MA) to construct an equivalent circuit model with lumped 
parasitic components, shown in Figure 6.3, for the lay r 2 hex-PSC in Figure 6.2g that 
shows the worst-case parasitic effects. 
Table 8.2. MUTUAL COUPLING INDUCTANCE  
Name 

























L-1 1 Mov1 Mov1 Mov1 Mov2 Mov2 Mov2 Madj Madj Madj Madj Madj Madj 
L-1_1 Mov1 1 Madj Madj Mov3 Mov3 0 Mov1 Mov1 0 0 0 0 
L-1_2 Mov1 Madj 1 Madj 0 Mov3 Mov3 0 0 Mov1 Mov1 0 0 
L-1_3 Mov1 Madj Madj 1 Mov3 0 Mov3 0 0 0 0 Mov1 Mov1 
L-1_4 Mov2 Mov3 0 Mov3 1 Madj Madj Mov2 0 0 0 0 Mov2 
L-1_5 Mov2 Mov3 Mov3 0 Madj 1 Madj 0 Mov2 Mov2 0 0 0 
L-1_6 Mov2 0 Mov3 Mov3 Madj Madj 1 0 0 0 Mov2 Mov2 0 
L-1_7 Madj Mov1 0 0 Mov2 0 0 1 Madj 0 0 0 Madj 
L-1_8 Madj Mov1 0 0 0 Mov2 0 Madj 1 Madj 0 0 0 
L-1_9 Madj 0 Mov1 0 0 Mov2 0 0 Madj 1 Madj 0 0 
L-1_10 Madj 0 Mov1 0 0 0 Mov2 0 0 Madj 1 Madj 0 
L-1_11 Madj 0 0 Mov1 0 0 Mov2 0 0 0 Madj 1 Madj 















































L-1 1 Cov1 Cov1 Cov1 Cov2 Cov2 Cov2 Cadj Cadj Cadj Cadj Cadj Cadj 
L-1_1 Cov1 1 Cadj Cadj Cov3 Cov3 0 Cov1 Cov1 0 0 0 0 
L-1_2 Cov1 Cadj 1 Cadj 0 Cov3 Cov3 0 0 Cov1 Cov1 0 0 
L-1_3 Cov1 Cadj Cadj 1 Cov3 0 Cov3 0 0 0 0 Cov1 Cov1 
L-1_4 Cov2 Cov3 0 Cov3 1 Cadj Cadj Cov2 0 0 0 0 Cov2 
L-1_5 Cov2 Cov3 Cov3 0 Cadj 1 Cadj 0 Cov2 Cov2 0 0 0 
L-1_6 Cov2 0 Cov3 Cov3 Cadj Cadj 1 0 0 0 Cov2 Cov2 0 
L-1_7 Cadj Cov1 0 0 Cov2 0 0 1 Cadj 0 0 0 Cadj 
L-1_8 Cadj Cov1 0 0 0 Cov2 0 Cadj 1 Cadj 0 0 0 
L-1_9 Cadj 0 Cov1 0 0 Cov2 0 0 Cadj 1 Cadj 0 0 
L-1_10 Cadj 0 Cov1 0 0 0 Cov2 0 0 Cadj 1 Cadj 0 
L-1_11 Cadj 0 0 Cov1 0 0 Cov2 0 0 0 Cadj 1 Cadj 
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